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ABSTRACT

EXPLORING KNOCKDOWN PHENOTYPES AND INTERACTIONS BETWEEN ATAD3
PROTEINS IN ARABIDOPSIS THALIANA

SEPTEMBER 2021

ELI GORDON, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Elizabeth Vierling, Ph.D.

Mitochondria are required for a diverse array of cellular functions and processes. ATAD3
(ATPase family AAA domain containing protein 3) proteins are newly discovered mitochondrial
membrane proteins in Arabidopsis thaliana. Homologous to ATAD3A in metazoans, CoImmunoprecipitation/Mass spectrometry and genomic analysis identified a four ATAD3A
homologues in A. thaliana. The four A. thaliana proteins are referred to as ATAD3A1
(At3g03060), ATAD3A2 (At5g16930), ATAD3B1 (At2g18330), and ATAD3B2 (At4g36580).
Studies in metazoans indicate that ATAD3A localizes to Mitochondria-ER contact sites and is
involved in a variety of processes required for proper mitochondrial function, but ATAD3A
proteins are poorly defined in plants. ATAD3A is a mitochondrial membrane protein with unique
topology. It comprises an N-terminal DUF (Domain of unknown function) domain that contains
two transmembrane sequences the are inserted or interact with both the inner and outer
mitochondrial membranes, two coiled-coil domains thought to help in oligomerization, and a
region that is exposed to the cytosol, proposed to interact with the ER. It has a C-terminal AAA
domain exposed to the mitochondrial matrix. ATAD3 proteins in A. thaliana have undergone
two gene-duplication events, resulting in two clades, both of which are required for plant
viability. I created artificial microRNA to knockdown expression of ATAD3A1 in the atad3b1
mutant background to assess the growth and mitochondrial phenotypes and found these plants
displayed delayed and deficient growth and deformed mitochondria. I utilized Bi-Molecular
Complementation Fluorescence and Laser-Scanning Confocal Microscopy to assess oligomeric
patterns of A. thaliana ATAD3 proteins in vivo and discovered that ATAD3 proteins heterooligomerize with each other. I also created multiple constructs encoding ATAD3A1 fusion
proteins to elucidate the amino acid sequence required to target ATAD3A1 to the mitochondria,
and ATAD3A1 fusions with TurboID to identify protein-protein interactions using proximitybased labeling.
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Chapter 1: The Mitochondrion, Mitochondrial Contact Sites, and ATAD3 Proteins

1.1 – The origin of the mitochondrion established a double membrane essential for proper
mitochondrial function and inter-organellar communication
Mitochondria are essential for life in all eukaryotic organisms. Commonly referred to as
“the powerhouse of the cell”, mitochondria are responsible for the generation of chemical energy
in the form of ATP using the energy obtained from respiratory electron transport. Plants are
autotrophic, harvesting light energy from the sun via photosynthesis, and photosynthetic electron
transport in conjunction with mitochondrial respiratory electron transport are both necessary for
plant life (O’Leary, et al., 2019). Alpha-protobacteria were phagocytosed by primitive
eukaryotes billions of years ago, giving rise to the mitochondrion and the chloroplast, in a
process known as endosymbiosis (Anderson, et al., 2019). Consequentially, the mitochondrion is
compartmentalized by two membranes: The outer mitochondrial membrane and the inner
mitochondrial membrane. The inner mitochondrial membrane separates the inner cavity of the
mitochondrion, known as the matrix, from the inter-membrane space, while the outer
mitochondrial membrane separates the inter-membrane space from the cytosol (Fig 1.1A;
Anderson, et al., 2019).

1.2 – Mitochondrial contact sites and mitochondria-ER contacts are hubs for a diverse
array of processes essential for cellular function
1.2.1 – The ER-Mitochondrial Organizing Network acts as a tether between Mitochondrial
Contact Sites and ER-Mitochondrial Associated Membranes in Saccharomyces cerevisiae
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The double-membrane bound nature of the mitochondrion enables a wide variety of
functions to be performed at the interface of the inner and outer mitochondrial membranes,
known as mitochondrial contact sites (Wideman and Munoz-Gomez, 2016). Mitochondrial
contact sites occur when the inner mitochondrial membrane is closely opposed to the outer
mitochondrial membrane; at mitochondrial contact sites, the inner mitochondrial membrane is
referred to as the inner boundary membrane. Importantly, the inner and outer mitochondrial
membranes are not fused at mitochondrial contact sites, but tethered by a variety of protein
complexes (Csordas, et al., 2018). Biomolecular processes that occur at mitochondrial contact
sites rely on interaction and the exchange of information with other organelles in the cell, via
inter-organellar tethering. Membranes of other organelles in apposition to the outer
mitochondrial membrane are known as mitochondrial associated membranes and are hallmarks
of mitochondrial contact sites (Fig 1.1B; Scorrano, et al., 2019).

Figure 1.1. Mitochondrial contact sites and mitochondrial associated membranes are cellular
hubs for communication between the Mitochondrion and the ER. Mitochondrial contact sites
are defined as where the inner mitochondrial membrane (not labeled, but contiguous with the inner
boundary membrane) is closely apposed to the outer mitochondrial membrane. At mitochondrial
contact sites, the inner mitochondrial membrane is classified as an inner boundary membrane,
which occurs near cristae junctions, where the inner mitochondrial membrane invaginates into
cristae (C). A. Mitochondrial contact sites from a rat liver cell imaged using electron microscopy
19

(Reichert, et al., 2002). B. A mitochondria-ER contact in a chicken cerebellum cell imaged using
electron microscopy (Perkins, et al., 1997).

The endoplasmic reticulum (ER) is the most extensive organelle in the cell and has the
largest membrane surface area. Thus, the most prominent mitochondria associated membrane is
that of the ER associated with the mitochondrion (Helle, et al., 2013). ER-mitochondria
associated membranes are also known as mitochondria-ER contacts when tethered (Giocomello
and Pellegrini, et al., 2016). Many functions occur at mitochondria-ER contacts including
regulation of lipid metabolism, Ca2+ homeostasis, protein import and assembly, mitochondrial
dynamics, auto- and mitophagy, and numerous other signaling pathways (Giamogante, et al.,
2020). Such functions are mediated by mitochondria-ER contact-resident proteins. In S.
cerevisiae the many protein complexes present at mitochondria-ER contacts have been broadly
categorized into a super structure known as the ER-Mitochondria Organizing Network
(ERMIONE) (Wideman and Munoz-Gomez, 2016). ERMIONE contains two sub-complexes
known as the ER-Mitochondria Encounter Structure (ERMES) and the Mitochondrial Cristae
Organizing System (MICOS) (Rampelt, et al., 2017).

1.2.2 – ATAD3A localizes to mitochondria-ER contacts with a unique double membranespanning topology but unknown function
A newly recognized component of mitochondria-ER contacts are ATAD3A proteins
(ATPase family AAA domain-containing protein 3A). First described in mammals, ATAD3A is
conserved in all multicellular eukaryotes. S. cerevisiae, being unicellular, does not contain an
ATAD3A homologue (Merle, et al., 2012) While many MICOS protein homologues are
20

conserved in eukaryotes, no ERMES homologues have been found outside of S. cerevisiae
(Wideman and Munoz-Gomez, 2016). ATAD3A spans the mitochondrial double membrane and
co-localizes with ER-mitochondrial associated membrane markers (Issop, et al., 2015 & Baudier,
2018). ATAD3A proteins contain a AAA domain and phylogenetic analysis places ATAD3A
proteins as members of a family of mitochondrial AAA domain containing proteins that
associate as hexamers (Truscott, et al., 2010). The function of the AAA domain, its substrates,
and the role of ATAD3A proteins as a whole are currently unknown, thought ATAD3A proteins
have been implicated in a wide variety of functions pertaining to processes associated with
mitochondrial contact sites, mitochondria-ER contacts, and overall mitochondrial health and
maintenance (Baudier, 2018).
ATAD3A has an interesting, and potentially unique, membrane topology. It has been
shown in various experiments to have transmembrane domains that pass through or contact both
the outer and inner mitochondrial membranes (Gilquin, et al., 2010 & Baudier, 2018). ATAD3A
is enriched at ER-mitochondrial associated membranes in mammalian cells (Issop, et al., 2015).
The similarities in localization and mutant phenotypes between ERMES and MICOS proteins
and ATAD3A raise the possibility that ATAD3A proteins function in place of ERMIONE
subunits that are missing in multicellular eukaryotes.

1.2.3 – ERMES tethers mitochondrial contact sites to ER-mitochondria associated membranes
allowing interaction at mitochondria-ER contacts in S. cerevisiae
In S. cerevisiae, mitochondria-ER tethering is conferred by the ERMES complex, which
localizes to the outer face of the outer mitochondrial membrane, but as previously mentioned are
not conserved in multicellular eukaryotes (Wideman and Munoz-Gomez, 2016). ERMES
21

mediates cellular processes such as lipid and Ca2+ transport, and demarks areas where
mitochondrial fission and fusion occur and sites of protein trafficking and transport (AoyamaIshiwatari and Hirabayashi, 2021). Introduction of mutant ERMES proteins affects mitochondrial
lipid composition, indicating ERMES participates in lipid transport (Tan, et al., 2013).
Thus far, no homologous proteins of the ERMES complex have been found in other
eukaryotes (Kundu and Pasrija, 2020 & Wideman and Munoz-Gomez, 2016). Only a single plant
protein has been proposed as having potential ERMES-like functionality. MELL1
(Mitochondria/ER-localizing LEA-related LysM domain protein 1) was identified in
Physcomitrium patens (Pp3c22_5700V3.1), a moss, and colocalizes to both the outer
mitochondrial membrane and ER membrane (Mueller and Reski, 2015). Interestingly, MELL1overexpression lines show increased mitochondria-ER contacts, a phenotype also observed in
ERMES protein mutants in S. cerevisiae (Smethurst and Cooper, 2017 & Mueller and Reski,
2015), suggesting similarities between ERMES proteins and MELL1. However, no MELL1
homologues are found in higher plants.
As an ER-mitochondria tether is essential in many inter-organellar functions. This
presents the question of which proteins are compensatory in plants. As ATAD3A is thought to
protrude from the outer mitochondrial membrane and interact with ER-mitochondrial associated
membranes at mitochondria-ER contacts in humans, there is a possibility that ATAD3A plant
homologs could function as mitochondrial-ER tether in plants, like ERMES in S. cerevisiae.

1.2.4 – MICOS tethers inner and outer mitochondrial membranes, facilitating proper membrane
topology at mitochondrial contact sites
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Unlike ERMES, MICOS proteins are conserved in multicellular eukaryotes. In S.
cerevisiae, the MICOS complex is composed six subunits (Wideman and Munoz-Gomez, 2016),
while the human MICOS consists of eight subunits (Kozjak-Pavlovic, 2017).
MIC60 is the most well conserved MICOS protein, being present in all eukaryotes with
mitochondrial cristae (Wideman and Munoz-Gomez, 2016). MIC60 and has been identified in
plants, though there is only a 21% amino acid sequence identity of A. thaliana MIC60 to other
MIC60 sequences (Michaud et al., 2016 & Wollweber et al., 2017). MIC10 and MIC19 are also
conserved MICOS proteins; genomic and transcriptomic analyses have predicted homologs of
MIC10 and MIC19 in A. thaliana, though they have yet to be experimentally verified.
(Wollweber et al., 2017, Wideman and Munoz-Gomez 2016). Deletion of MIC60 causes
abrogation of cristae and cristae junctions (Friedman, et al., 2015). However, MIC60
overexpression causes multiple branched cristae (Rabl et al., 2009). MIC60 mutants also have a
destabilized inner mitochondrial membrane, with loss of tethering to the outer mitochondrial
membrane (Wollweber et al., 2017). Results of crosslinking experiments have shown that MIC60
interacts with other MICOS subunits as well as complexes that function in mitochondrial protein
import and assembly (Bohnert et al., 2012 & Wollweber et al., 2017).
In addition to tethering the inner and outer mitochondrial membranes, the MICOS
complex participates in mtDNA maintenance, cholesterol biosynthesis, and the formation and
distribution of cristae in mitochondria (Baudier, 2018). Consequentially, MICOS localizes to
specific regions of the inner boundary membrane that contain cristae junctions (Friedman, et al.,
2015). Studies have previously implicated ATAD3A as a potential MICOS protein, given its
pattern of localization and topology. Specifically, experiments performed by Gilquin, et al.
(2010) showed that hATAD3A behaves as an integral mitochondrial inner membrane protein.
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ATAD3A proteins have also been associated with various processes thought to be mediated by
MICOS proteins (Baudier, 2018).

Figure 1.2. ATAD3 proteins display characteristics of Mitochondrial-ER Contact Siteresident proteins. ATAD3 proteins localize to mitochondria-ER contacts and display features
associated with both ERMES and MICOS proteins. Shown is a model of a mitochondrial contact
site and an ER-mitochondrial associated membrane forming a mitochondria-ER contact. ATAD3
proteins, shown as a hexamer, are thought to have a portion of their N-Terminus exposed to the
cytosol in order to mediate interactions with ER membrane proteins. The C-Terminal AAA domain
of ATAD3 proteins is exposed to the mitochondrial matrix, while its TM domains span or contact
the inner and outer mitochondrial membranes. The unique topology of ATAD3 proteins make
them candidates for mitochondria-ER tethers, a function of ERMES proteins in S. cerevisiae.
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1.3 – ATAD3 Proteins:
1.3.1 – The genetics of ATAD3 proteins:
As previously mentioned, ATAD3A proteins are mitochondrial trans-membrane proteins
that associate as hexamers and localize to mitochondria-ER contact sites. Most studies of
ATAD3A have focused on mouse and fruit fly as model organisms, and in humans, though they
are conserved in all multicellular organisms (Baudier, 2018). While flies and mice contain only a
single ATAD3A gene, there have been two gene duplication events in the human lineage resulting
in ATAD3B and ATAD3C. Additionally, there are at least two isoforms of ATAD3A in humans,
with isoform 2 (Uniprot: Q9NVI7-2) being predominantly expressed (Baudier, et al., 2018)
(Table S1 and Table S2).
ATAD3 proteins in plants were first discovered and described in A. thaliana as proteins
that interact with mitochondrial Transcription TErmination Factor 18 (mTERF18, also known as
SHOT1; At3g60400) (Kim, et al., 2021). Co-immunoprecipitation of mTERF18 followed by
mass spectrometry (Co-IP/MS) showed enrichment of three mitochondrial ATPases, homologous
to human ATAD3A; a fourth ATAD3A homologue was found through sequence similarity.
These proteins have been designated ATAD3A1 (At3g03060), ATAD3A2 (At5g16930),
ATAD3B1 (At2g18330), and ATAD3B2 (At4g36580) (Figure S1, Table S1, and Table S2).
Phylogenetic analyses were performed on ATAD3 proteins by Dr. Elizabeth Waters at
San Diego State University (personal communication) using the phytozome database from the
Joint Genome Institute along with sequences obtained from NCBI (phytozome-next.jgi.doe.gov;
Goodstein, et al., 2012 & ncbi.nlm.nih.gov, respectively). Sequences were aligned and a
phylogenetic tree constructed using MAFFT (mafft.cbrc.jp/alignment/server; Figure 1.3).
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ATAD3 proteins in plants clearly evolved independently from homologues in metazoans and
underwent duplication and diversification in seeds plants. The first gene duplication occurred
about 120-150 million years ago resulting in two distinct ATAD3 clades (Figure 1.3). This
duplication occurred before the evolutionary split between monocots and eudicots, as indicated
by the presence of a single ATAD3 homologue from each clade in Amborella trichapoda, a sister
group to all flowering plants (Soltis, et al., 2005). A separate duplication event resulted in two
ATAD3 homologues in the bryophyte Physcomitrium patens, but this is unrelated to the
duplication in higher plant lineages. The analysis shows that two subsequent gene duplication
events resulted in the intraclade homologues found in higher plants. The exact date of this split is
hard to place, but occurred before the differentiation of the orders Brassicales, Malvales, and
Solanales, at least 103 million years ago (Cardinal-McTeague, et al., 2016). Sequence analysis
has also shown that Nicotiana benthamiana (tobacco) contains four ATAD3 proteins,
corresponding to four A. thaliana homologues (Table S1 and Table S2).
Genetics of ATAD3 mutants in A. thaliana indicate that the functions of the two ATAD3
clades are non-redundant and essential. Single Knock Out (SKO) mutants are viable and appear
visually aphenotypic, however, four of the six possible Double Knock Out (DKO) mutants fail to
produce homozygous seeds. The genetics of single and double knockout mutants of ATAD3
proteins in A. thaliana is covered in greater detail in Chapter 3.
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Figure 1.3. Phylogenetic tree of ATAD3 proteins in various organisms. The green boxed
regions represent the gene duplication of ATAD3 proteins in seed plants, which produced clade 1
(ATAD3A) and clade 2 (ATAD3B) ~120-150 Million Years Ago. The second duplication events
produced the intraclade ATAD3 homologues: ATAD3A1 and A2 and ATAD3 B1 and B2, which
occurred prior to split of Brassicales, Malvales, and Solanales. Figure courtesy of E. Waters (San
Diego State University).

Clade 1 contains ATAD3A1 (A1) and ATAD3A2 (A2), while clade 2 includes
ATAD3B1 (B1) and ATAD3B2 (B2). In A. thaliana, there is about an 84% intraclade amino
acid sequence identity between proteins in clade 1, and about an 85% intraclade sequence
identity between proteins in clade 2. Interclade sequence identity is about 60% (Figure 1.4 and
Table S3). The highest region of sequence identity is in the conserved C-terminal AAA domain,
though there are significant regions of sequence homology in the two transmembrane domains,
coiled-coil domains, and the Internal Targeting Sequence (ITS) to the mitochondria (SI Figure
1).
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Figure 1.4. Sequence identity and domain architecture of ATAD3 proteins in A. thaliana. A.
thaliana contains four ATAD3 proteins that are homologous to human ATAD3A. Clade 1 consists
of ATAD3A1 and ATAD3A2, and Clade 2 of ATAD3B1 and ATAD3B2. ATAD3 proteins all
contain an N-terminal Domain of Unknown Function (DUF3523) with two coiled-coil motifs
(CC), two transmembrane domains (TM1/2), and an Internal Targeting Sequence (ITS). The Cterminus is composed of a highly conserved AAA domain. Sequence identity was obtained using
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment software
and Protein Blast from NCBI (blast.ncbi.nlm.nih.gov).

1.3.2 – ATAD3A topology and localization
The domain architecture of human ATAD3A (hATAD3A) has been well defined
(Gilquin, et al., 2010, & Baudier, 2018). Within its 586 amino acid sequence, multiple domains
and motifs are present, many of which are conserved in ATAD3 plant homologs (Figure 1.5D).
The N-terminal half of ATAD3 proteins contains a Domain of Unknown Function (DUF3523).
Within the DUF are two predicted 3,4 heptad coiled-coil domains that are thought to enable
oligomerization of ATAD3A monomers in human mitochondria (Gilquin, et al., 2010), a
function that is likely preserved in ATAD3 plant homologs. The C-terminal end of the DUF
contains two predicted transmembrane (TM) domains (Baudier, 2018). In hATAD3A, NTerminal to the DUF, is a proline rich motif (Baudier, et al., 2018); proline rich motifs are
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known to promote membrane anchoring (Vale, et al., 2007). Sequence analysis revealed that this
motif is minimally conserved between hATAD3A and ATAD3 proteins in A. thaliana (Figure
S1).
The C-terminus of ATAD3 proteins contains a highly conserved AAA domain, which as
previously mentioned, allowed sequence analysis to classify these proteins as members AAA+
protein family, known to associate as hexamers (Truscott, et al., 2010). Additionally, they are
members of a larger group of P-loop NTPases (Krishnan, et al., 2020). Within AAA domains are
two motifs responsible for binding and hydrolysis of ATP, known as Walker A and Walker B,
respectively (Mogk, et al., 2003). They also contain an arginine finger and Second Region of
Homology motif (Gilquin, et al., 2010). Both the function and substrates of the AAA domain in
ATAD3 proteins are currently unknown.
ATAD3 proteins have two TM domains (TM1 and TM2) predicted using WHATHMMTOP and TM-PRED predictive software (Tusnady and Simon, 1991, 2001 & Ikeda, et al.,
2003, respectively). In hATAD3A TM1 spans from residue 225-242 and TM2 spans from 247264, and they are separated by a 4 amino acid linker sequence. TM1 is amphipathic in nature,
while TM2 is not, and these characteristics are conserved in ATAD3 proteins in A. thaliana
(Baudier, 2018) (Figure S2 and Figure S3).
Differential solubility assays in conjunction with tryptic digests performed by Gilquin, et
al. (2010) revealed information on the topology of hATAD3A and how it relates to its domain
architecture. hATAD3a is soluble in Triton X-100 (a detergent that disrupts the inner
mitochondrial membrane), but is resistant to salt extraction, implicating it as an integral
membrane protein of the inner mitochondrial membrane. In density gradient centrifugation,
hATAD3A partitions mostly into heavy-density fractions, but also into mid- and light fractions
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(Gilquin, et al., 2010). These results suggest that hATAD3A is embedded in the inner
mitochondrial membrane, but also interacts with the outer mitochondrial membrane. Tryptic
digestion revealed the C-terminal AAA domain to reside within the mitochondrial matrix, while
a portion of the N-terminal DUF domain is potentially exposed to the cytosol (Gilquin, et al.,
2010; Figure 1.5 A&B). Gilquin, et al. (2010) also performed experiments expressing a variety
of truncated hATAD3A proteins in cells, providing insight into the specific sequence
requirements that target hATAD3A to mitochondria. An in-depth review of these assays, their
results, and how it is applied to my own study is presented in Chapter 4.3.
The membrane topology of ATAD3 proteins is potentially unique. It is thought that the
N-terminus protrudes from the outer mitochondrial membrane into the cytosol, while the AAA
domain is located within the mitochondrial matrix (Gilquin, et al., 2010), though the exact
topology of the N-terminus of ATAD3 proteins remains unknown. TM1 and TM2 are thought to
span the outer and inner mitochondrial membrane, respectively, though this is an area of debate
(Baudier, et al., 2018). The selective solubilization and tryptic digest experiments performed by
Gilquin, et al. (2010) suggest that TM2 is embedded in the inner membrane, but the exact
location of TM1 and how it interacts with the outer membrane not fully defined. The relative
location and interaction between TM1 and the outer mitochondrial membrane also impact the
extent of the N-terminus that is available in the cytosol for protein-protein interactions with
cytosolic ER-mitochondrial associated membrane proteins and other cytosolic proteins that
function at mitochondria-ER contacts. Two models illustrating the topology of hATAD3A at
mitochondria-ER contacts posit differences in the interaction of TM1 with the outer
mitochondrial membrane (Baudier, 2018; Figure 1.5 A&B). One model suggests that TM1, given
its amphipathic nature, sits parallel to and is partially embedded in the inner face of the outer
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mitochondrial membrane, with the N-terminal DUF domain protruding through some of outer
membrane and exiting into the cytosol (Figure 1.6 A). The other model posits that TM1
completely spans the outer mitochondrial membrane, allowing the entirety of the DUF domain to
be fully exposed to the cytosol (Figure 1.5 B). It is currently unknown which topological model
of hATAD3a at mitochondrial contact sites is more accurate, but the amphipathic nature of TM1
might suggest that a parallel interaction between TM1 and either the inner or outer mitochondrial
membrane is more likely.

Figure 1.5. Topological analyses indicate hATAD3A contacts both the inner and outer
mitochondrial membranes. Alternative proposed topological models of hATAD3A at
mitochondrial contact sites (Baudier, 2018). A) TM1 (yellow) interacts with the outer
mitochondrial membrane lying perpendicular to the outer/inner membrane interface or B) TM1
spans the outer mitochondrial membrane. An undefined region of N-terminal DUF domain is
thought to interact with ER-membrane proteins at mitochondria-ER contacts. C) Domain
architecture of an hATAD3A monomer. D) Linear representation of hATAD3A showing domains
of the protein.
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TM domains were predicted in each ATAD3A A. thaliana homologue using WHATHMMTOP and TM-PRED predictive software (Tusnady and Simon, 1991, 2001 & Ikeda, et al.,
2003, respectively). TM1 spans residues 260-279, 270-289, 256-273, and 254-273, while TM2
spans 284-301, 294-311, 280-296, and 278-295 in ATAD3A1, A2, B1, and B2, respectively
(Figure S1). As with hATAD3A, all TM1 domains are amphipathic, while TM2 domains are not
(Figure S2 and Figure S3). WHAT-HMMTOP predicted that ATAD3B1 has a third TM domain
from amino acids 6-22, which is non-amphipathic.
Lending credence to the hypothesis that TM1 sits perpendicular to the outer face of the
inner mitochondrial membrane are the length of the amino acid linker sequences between TM1
and TM2 of hATAD3A and of the A. thaliana ATAD3A homologues. Both ATAD3 proteins
from clade 1, ATAD3B2, and hATAD3A have a 4 amino acid linker, while ATAD3B1 has a
linker of 6 amino acids. Using Phyre2 predictive modeling software, it is thought that these
linkers form an alpha-helix/random coil motif. The average width of the intermembrane space at
mitochondrial contact sites is estimated to be ~14 nm (Perkins, et al., 1997), while the average
width of a membrane bilayer is ~3.5 nm, depending on its lipid composition (van Meer, et al.,
2008; Figure 1.6). This means at mitochondrial contact sites, there is a gap between membranes
of ~7 nm. The rise (pitch/turn) of an alpha-helix is 0.15 nm, therefore the length of the TM
amino acid linkers in ATAD3 proteins is only 0.6 nm (and 0.9 nm for ATAD3B1), which is
insufficient to bridge the intermembrane space at mitochondrial contact sites. These
measurements strongly suggest that TM1 lies perpendicular to the outer face of the inner
mitochondrial membrane, and that some part of the remaining DUF domain lies within the IMS
and protrudes out of the outer mitochondrial membrane into the cytosol.
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Figure 1.6. Measurements of Mitochondrial contact sites. A) Electron microscopy of a
mitochondrion from rat liver cells (Perkins, et al., 1997). B) The contact diameter and contact
width of the outer and inner mitochondrial membranes at mitochondrial contact sites were
measured to be ~14 nm. C) The width from the outer face of the outer membrane and the inner
face of the inner membrane was measured to be ~22 nm.

1.3.3 – Oligomerization of AAA+ proteins and ATAD3
AAA domains are highly conserved not regions in AAA+ proteins. However, AAA+
proteins perform an array of different functions, acting molecular chaperones, unfoldases,
proteases and helicases (Lupas and Martin, 2002). For the majority of AAA+ proteins,
oligomeric state depends on substrate and/or nucleotide binding (Vale, 2000). Proteins with
AAA domains oligomerize as hexamers, resulting in a ring structure with a central pore (Lupas
and Martin, 2002).
ATAD3 proteins in A. thaliana, as well has hATAD3A have a single AAA domain
suggesting that these proteins are capable of oligomerizing as hexamers. However, the two
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coiled-coil sequences in the DUF domain have also been shown to function in ATAD3
oligomerization (Gilquin, et al., 2010). It has been demonstrated that hATAD3A oligomerization
is regulated by ATP binding (Gilquin, et al., 2010) and that the oligomeric state of hATAD3A is
regulated, at least to a certain degree, by its interaction with proteins involved in mitochondrial
fission (Li, et al., 2019).
While there have been some studies of the oligomeric properties of mammalian ATAD3
proteins, there are virtually no data on oligomerization of ATAD3 proteins in plants. As
previously mentioned, plants have multiple genes encoding ATAD3A homologs, with higher
plants containing two clades each with two ATAD3 proteins, as is the case for A. thaliana. This
leads to the possibility that ATAD3 proteins in plants can hetero-oligomerize; this topic will be
focused on throughout this work.
To investigate the possible structure of an ATAD3 hexamer, I submitted the amino acid
coding sequence of ATAD3A1 to the Phyre2 protein fold recognition server
(sbg.bio.ic.ac.uk/phyre2) on the intensive modeling mode. The resulting monomeric model was
then run through GalaxyHomomer software (galaxy.seoklab.org), modeling the query as a
hexamer, which predicts the oligomeric structure. The resulting PDB file (Figure 1.7 A&B) with
the highest scoring output was modeled on YME1 (PDB: 6AZ0; Leonhard, et al., 1993), a
mitochondrial ATP-dependent protease found in yeast that is a member of the i-AAA protein
family. AAA+ proteins that function as unfoldases contain a tryptophan residue within their
central pore loop to mediate substrate unfolding (Hersch, et al., 2005). Interestingly, the
ATAD3A model places a leucine residue at the central pore of the complex. It should be noted
that an ATAD3A1 homo-hexamer is likely not the native oligomeric state of ATAD3 proteins in
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plantae, as plants have multiple ATAD3 proteins which form hetero-oligomers, as will be
discussed in Chapter 3.

Figure 1.8. Predicted oligomeric ribbon model of the C-terminal AAA domain of ATAD3A1.
Predicted models of an ATAD3A1 homo-hexamer. A) profile, B) top-down. Each subunit is
colored from N-Terminus (blue) to C-Terminus (Red). Modeled on YME1 (PDB: 6AZ0), a yeast
AAA-i protein.

1.3.4 – ATAD3A mutant phenotypes in metazoans
ATAD3A knockdown models in metazoans exhibit deleterious phenotypes similar to
those seen in MICOS protein mutants, primarily perturbed mitochondrial morphology with
deformed cristae and contact sites, resulting in altered respiration (Friedman et al., 2015;
Wollweber et al., 2017; Michaud et al., 2016; Baudier 2018). ATAD3A mutations have also
been shown to inhibit successful import of cholesterol precursors to the mitochondrial
membranes, resulting in altered cholesterol distribution in the inner mitochondrial membrane,
and perturbed steroidogenesis (Issop, et al., 2015). Baudier (2018) hypothesized cholesterol
scaffolds may be implicated in the proper maintenance of mtDNA, and the absence of ATAD3A
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results in altered nucleoid replication. ATAD3A knockdown mutations perturb the rate of
mitochondrial protein synthesis, suggesting ATAD3A interacts with the protein synthesis
machinery of the mitochondrion (He, et al., 2012). These observations could provide a functional
link between the interaction of ATAD3 proteins and SHOT1/mTERF18, as the latter is known to
associate with mtDNA (Kim, et al., 2021).
Tissue-specific ATAD3A knockout in mice show malformed cristae, decreased cristae as
compared to WT mitochondria, and perturbed cristae distribution (Peralta, et al., 2018 &
Baudier, 2018). These mutant mitochondria also showed fragmentation phenotypes. Maintenance
of mtDNA, was also impacted, displaying increased rates of mtDNA breakpoint mutations
(Peralta, et al., 2018). These mutant phenotypes are also observed in certain MICOS protein
mutants (Freidman, et al., 2015). Furthermore, MICOS complexes were destabilized in
ATAD3A knockout cells, suggesting ATAD3A perform functions associated with MICOS
proteins (Peralta, et al., 2018). ATAD3A is also critical in the development of multicellular
organisms (Lang, et al., 2020). Experiments performed in C. elegans and D. melanogaster show
silencing of ATAD3A causes arrested growth and development in larvae (Hoffmann, et al., 2009
& Gilquin, et al., 2010). ATAD3A also participates in respiration, with ATAD3A knockdown in
C. elegans showing decreased levels of complex I and citrate synthase (Hoffmann, et al., 2009).
Many of the morphological phenotypes seen in ATAD3A mutants likely result from
altered oligomeric properties of the protein. Mutation of the Walker A motif in the AAA domain
of hATAD3A results in the ablation of contact between the inner and outer mitochondrial
membranes at mitochondrial contact sites, and mitochondrial fragmentation (Gilquin, et al.,
2010). AAA+ proteins cannot properly hexamerize if the ability to bind ATP is lost (Vale, et al.,
2000). As ATAD3A tethers the inner and outer mitochondrial membrane, and is proposed to act
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also as a tether between the mitochondrion and the ER, the inability to oligomerize may result in
a loss of co-translational import of proteins from the ER to the mitochondria (Gilquin, et al.,
2010 & Baudier, 2018). This invokes an ER-stress response, disturbing mitochondrial fission and
fusion, resulting in fragmented mitochondria (Gadir, et al., 2011 and Baudier, 2018).
Mitochondrial fission is mediated, in part, by the DRP1 (Dynamin-Related Protein) pathway, and
in response to perturbed mitochondrial function is thought to induce mitophagy (Zorov, et al.,
2019). Cells deficient in ATAD3A oligomerization due to over-expression trigger this pathway,
indicating ATAD3 proteins and their oligomerization play a role in homeostasis of the
mitochondrial fission DRP1 pathway. DRP1 homologues are also present in A. thaliana (Cooper,
et al., 2017 & Zhao, et al., 2019).
In humans, mutations in ATAD3A have been linked to a wide variety of mitochondrial
diseases (Lang, et al., 2020). A recent study identified de novo ATAD3A gene duplications as a
leading cause of lethal infantile mitochondrial diseases (Frazier, et al., 2021). Though ATAD3A
is not classified as an oncogene, in many forms of cancer it is over-expressed, and correlated
with enhanced tumor development (Lang, et al., 2020). Mutations in the Walker A motif have
been shown to be dominantly inherited in a form of hereditary spastic paraplegia (Cooper, et al.,
2017). Mutations in hATAD3A have also been linked to many neurological disorders (Lang, et
al., 2020).

1.4 – Guiding questions for this body of work

ATAD3A proteins and their requirement for proper mitochondrial function and structure
have been moderately well-characterized in humans and other metazoans, but there has been
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virtually no research on ATAD3A homologues in plants. The discovery of four ATAD3A
homologues in A. thaliana and other higher plant species led me to question the semi-redundant
nature of these proteins viewed through multiple lenses.
Single Knockout (SKO) of each individual ATAD3 gene in A. thaliana result in
aphenotypic plants, and Double Knockout (DKO) mutants are either non-viable or also appear
WT, as described further in Chapter 3. These mutants do not provide insight into ATAD3
function in A. thaliana. I asked the question: “What phenotypes are present in ATAD3
knockdown mutants in a SKO mutant background?” I chose to create a partial loss-of-function
mutation by suppressing ATAD3A1 in the background of an atad3b1 SKO mutant. This strategy
allowed for phenotypic characterization of expression levels of ATAD3 proteins, mitochondrial
morphology, and general growth in knockdown plants.
Given the fascinating topology of ATAD3A proteins at mitochondrial contact sites, I was
interested in determining the sequence requirements for mitochondrial localization of
ATAD3A1. As nuclear-encoded proteins that localize to mitochondria follow an import pathway
based on the specific location and biochemical properties of their mitochondrial targeting
sequences, a better understanding of these requirements of ATAD3A1 will enable subsequent
questions to be answered regarding the unique membrane topology of ATAD3 proteins. Various
truncated and fluorescently tagged ATAD3A1 proteins were analyzed using Laser-Scanning
Confocal Microscopy in tobacco leaves via Agrobacterium-mediated infiltration. The results of
these experiments are discussed in Chapter 4.
Studies have shown that perturbing the oligomerization of ATAD3A in metazoans leads
to an array of mitochondrial defects that impact the cell fitness and can lead to mitochondrial
diseases in humans. As such, the third question I set out to answer is: “What are the homo- or
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hetero-oligomerization patterns of ATAD3 proteins in A. thaliana?” Bi-Molecular
Complementation Fluorescence (BiFC) in conjunction with Laser-Scanning Confocal
Microscopy was used to examine the interactions between each combination of ATAD3 proteins
via Agrobacterium-mediated infiltration of tobacco leaves. The genetics of ATAD3 SKO and
DKO mutants ATAD3 proteins are not entirely redundant, and the proteins must heterooligomerize to perform their function. The results of these experiments are presented in Chapter
5.
Finally, the last question I posed is “What are the interactive protein partners of ATAD3
proteins in A. thaliana?” ATAD3A proteins are enriched at mitochondria-ER contacts (Issop, et
al., 2015) and thought to span both the inner and outer mitochondrial membranes (Baudier,
2018), but their molecular function is essentially unknown. The ability of ATAD3A proteins to
potentially interact with proteins from the mitochondrial matrix, mitochondrial membranes,
inter-membrane space, the cytosol, and ER-mitochondria associated membrane proteins means
that there is an extremely wide range of processes in which they could participate. To
characterize protein-protein interactions of ATAD3 proteins in A. thaliana, I assembled a variety
of constructs that will utilize biotin-based proximity labeling to identify proteins vicinal to
ATAD3. Given the wide array of protein interactions with which ATAD3A participates in
metazoans, elucidating these interactions in plants will enable cross-kingdom definition of the
function of ATAD3A proteins. An overview of proximity based labeling techniques and the
experimental rationale of this project are discussed in Chapter 6.
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Chapter 2: Materials and Methods
2.0 – Bacterial Strains:
1. Escherichia coli OneShot TOP10 Chemically Competent cells, genotype: F- mcrA
Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(araleu)7697 galU
galK rpsL (StrR) endA1 nupG (ThermoFisher Scientific).
2. E. coli Subcloning Efficiency DH5α, genotype: F- φ80lacZ∆M15 ∆(lacZYA-argF) U169
recA1 endA1 hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 λ- (ThermoFisher
Scientific).
3. E. coli BL21 (λDE3) pLysS, genotype: F– ompT hsdSB (rB–, mB–) gal dcm (DE3) pLysS
(CamR).
4. Agrobacterium tumefaciens GV3101, genotype C58 (rif R) Ti pMP90 (pTiC58DT-DNA)

(gentR) Nopaline.

2.1 – Plant Growth, Transformation and Screening of Arabidopsis thaliana
2.1.1 – Growth practices and conditions for A. thaliana
All A. thaliana plants and seedlings were grown in growth chambers set to 16hr light/8hr
dark cycle (22°C/18°C, respectively) with an intensity of 60-80 photon m2/sec Plants. For seeds
planted on soil, pots were covered in plastic wrap and allowed to stratify in the dark at 4°C for
48-72 hrs before being moved to a growth chamber. Plastic wrap was removed after true leaves
were about 1 mm in diameter (growth stage 1.02; Boyes, et al., 2001). During principal growth
stage 3 plants were transplanted so that there were either one or two plants per pot. Once
inflorescences began to emerge (principal growth stage 5), Aracons and tubes were placed on
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each plant. Plants were watered an average of twice per week. Fertilizer (Water-Soluble AllPurpose Plant Food, Miracle-Gro®) was added into the water an average of once per month.
Watering was stopped once plants began to senesce (principal growth stage 9). Plants were
harvested to envelopes once senescence was complete (growth stage 9.70). Envelopes were
stored for 3 weeks before seeds were separated from extraneous plant material and stored in 1.5
mL Eppendorf tubes at room temperature.

2.1.2 – Agrobacterium-mediated transformation of amia1 vectors
A. thaliana plants were grown until principal growth stage 5 (Boyles, et al., 2001) and
primary bolts were clipped to encourage proliferation of additional secondary bolts. Plants were
grown until immature, unfertilized flowers started to appear before being used for
transformation. Agrobacterium tumefaciens cultures carrying a plasmid of interest that included a
gene encoding phosphophinothricin (BASTA) resistance were grown in a 300 mL overnight
culture supplemented with selective antibiotics at 28°C until they reached an approximate optical
density (OD600) of 0.8. Overnight cultures were centrifuged for 20 min at 20,000 x g and culture
media was decanted. Cell pellets were resuspended in a 5% sucrose solution. Immediately before
plants were dipped, Silwet-77 (Lehle Seed) was added to the sucrose solution to a final
concentration of 0.05% v/v. Aerial portions of plants were dipped into the cell suspension and
gently agitated until a film of liquid covered the plant. Plants were then placed into growth
chambers and covered to maintain high humidity. After 3 to 4 days, plants were uncovered and
watered normally until senescence. Seeds were harvested to envelopes and allowed to dry for 3
weeks before T0 seeds were screened for transformants. This procedure was modified from
Clough, et al., (1993).
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Vectors containing amia1-1¸ and amia1-2 artificial microRNA coding sequences (see
section 2.2.6), as well as an empty vector negative control (pEG3, pEG4, and pUBQ-EV,
respectively) were transformed into plants in the atad3a1/atad3b1+ mutant background using the
above protocol.

2.1.3 –Seed sterilization
Seeds in 1.5 mL Eppendorf tubes were sterilized using a series of washes. 900 mL of
sterilization solution (70% EtOH and 0.05% TritonX-100) was added to each tube, and tubes
were placed on a shaker for 10 min, after which liquid was removed in a sterile hood. 1 mL of
100% ethanol was added to each tube and tubes placed back in the shaker for 2 min, and then
tubes were briefly vortexed. Samples were placed back in a sterile hood and seeds were pipetted
onto sterile filter paper and allowed to dry for 30 min or until all ethanol had evaporated. Seeds
were sprinkled on Murashige and Skoog (MS) agar media. Depending on if seeds were to be
screened for selective agent resistance, a final concentration 0.01% BASTA was added to liquid
MS-agar when media was ~60°C. Plates were wrapped in parafilm and stratified at 4°C for 48-72
hrs. Plates were placed in a growth chamber and allowed to grow until seedlings were harvested
for total protein extraction (described in 2.4.1), or until resistant seedlings could be identified for
transplanting to soil.

2.1.4 – DNA extraction and genotyping PCR
A 6-8 mm diameter leaf section was cut from 2- to 5-week-old seedings and placed at the
bottom of microcentrifuge tubes. 25 µL of QuickExtract Plant DNA Extraction Solution
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(Lucigen) was added to each tube such that the leaf tissue was completely submerged. Samples
were then incubated at 65°C for 6 min, then 98°C for 2 min. Samples were stored at -20°C until
genotyping PCR was performed.
1x High Fidelity Phusion Buffer (Thermo Scientific), 200 µM (final concentration) each
of dATP, dCTP, dGTP and dTTP, and 0.1 µM (final concentration) each of forward and reverse
primers were combined on ice. 0.4 µL of plant DNA extract were added to each reaction. 0.2 µL
of Phusion Polymerase (Thermo Scientific) at 0.4 U/µL were subsequently added to each
reaction, and autoclaved MilliQ H2O was added to bring the final volume of each reaction to 20
µL. Samples were briefly vortexed and centrifuged before being placed in a thermocycler.
The thermocycler was brought to 98°C before PCR samples were placed inside for a 3
min incubation. The thermocycler repeated 35 cycles of denaturation at 98°C for 10 sec,
followed by 63°C annealing step for 20 sec, followed by an elongation step at 72°C for 30 sec.
Samples underwent a final incubation at 72°C for 5 min before being kept at 4°C until removed
for analysis.
DNA Loading Buffer was added to a final concentration of 1x (5% glycerol (v/v),
0.042% Bromophenol Blue (v/v), 0.042% Xylocyanol (w/v), and 0.042% Orange G (w/v)) and
briefly vortexed and centrifuged before being loaded into an 1% agarose gel containing 1x
GelRed ® Nucleic Acid Stain (Biotium) for gel electrophoresis and visualization.

2.1.5 –Scoring and screening of transgenic plant lines
All transgenic plant lines used in this work were screened using the following protocol.
Before being transformed with Agrobacterium containing a plasmid of interest (as described in
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section; 2.1.2), WT and required mutant backgrounds of the plants was confirmed by DNA
extraction and subsequent genotyping PCR (section 2.1.4). Plants with the desired genetic
background were allowed to grow until just before flowers opened (Growth stage 5.10, Boyes, et
al., 2001) and transformed as described above. These transformed plants, referred to as T0
plants, were allowed to self, producing T1 seeds. Approximately 1000 T1 seeds were sterilized
and plated on MS-Agar plates using BASTA to select for transformants. After stratification and
growth, T1 seedlings were scored, and those that had been successfully transformed (~1 in 1000
seeds, Clough, et al., 1993) were transplanted to soil; seedlings from at least 3 independent T1
lines were transplanted.
T2 seeds were harvested as described (see 2.1.1). Approximately 50-100 T2 seeds were
sterilized and plated on MS-Agar plates containing BASTA to select for transformants. Plant
lines were scored for a 3:1 segregation ratio of BASTA resistance, which corresponds to a single
transgene insertion event. 12-15 T2 seedlings from lines exhibiting a 3:1 segregation ratio were
transplanted to soil
T3 seeds were harvested from selected T2 plants (2.1.1). Approximately 50-100 T3 seeds
were sterilized and plated on MS-Agar plates containing BASTA to identify homozygous
transgenic lines. T3 plant lines exhibiting BASTA resistance of all seedlings were transplanted
from plates to soil. Seeds from confirmed homozygotes were harvested for further study, while
WT and heterozygous lines were discarded.

2.2 – Molecular Cloning
2.2.1 – Bacterial transformation of Escherichia coli
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50 μL of chemically competent E. coli cells were removed from storage at -80°C and
immediately thawed on ice for 30 min. Between 2-100 ng of plasmid DNA (depending on the
plasmid) were added to the thawed cells and gently mixed via manual agitation, and cells
incubated for 30 min on ice. The cells were heat shocked using a water bath set to 42°C for 45
sec before being put back on ice for 2 min. After 2 min on ice, 900 μL of liquid culture media
[Luria Bertani (LB) or Super Optimal broth (SOC); ThermoFisher Scientific] were added, and
cells were incubated at 37°C and 200 RPM for 1 hr. After incubating, 50 to 100 μL of cells were
spread on selective LB agar plates and incubated for 16-18 hrs at 37°C. Colonies from plates
were inoculated into 5 mL liquid LB supplemented with the appropriate antibiotic(s) and grown
for 12-16 hrs at 37°C and 200 RPM.

2.2.2 –Transformation of Agrobacterium tumefaciens (GV3101):
50 μL of chemically competent A. tumefaciens were removed from storage at -80°C and
immediately put on ice to thaw for 30 min. 20 ng of plasmid DNA was added to the thawed cells
and gently mixed via manual agitation, and cells were incubated for 30 min on ice. The mixture
was transferred to pre-chilled 1 mm electroporation-compatible cuvettes and electroporated at
1.2 kV for 6 msec, after which 1 mL of liquid LB was immediately added to the cuvette.
Electroporated cells were transferred to 1.5 mL Eppendorf tubes and incubated for 4 hrs at 28°C
and 200 RPM. After incubating, between 50 and 100 μL of cells were spread on selective LB
Agar plates and incubated for 1.5 to 2 days at 28°C. Colonies from culture plates were inoculated
into 5 mL liquid LB supplemented with the appropriate antibiotic(s) and grown for 16-20 hrs at
28°C and 200 RPM.
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All selective media were supplemented with gentamycin (30 μg/mL), which is selective
for the GV3101 strain of A. tumefaciens, and an antibiotic to select for successful transformation
of the plasmid of interest.

2.2.3 – Plasmid miniprep
E. coli colonies grown on selective LB agar plates were inoculated into 5 mL liquid LB
supplemented with a selective antibiotic and allowed to grow for 12-16 hrs at 37°C, shaking at
200 RPM. 3 mL of overnight culture was then centrifuged at 8.4 RPM for two min and
supernatant was decanted from the cell pellet. Plasmids were purified from the cells using the
GeneJet Plasmid Miniprep kit (ThermoFisher) according to manufacturer’s protocols. Plasmid
concentration was measured using a NanoDrop 2000c spectrophotometer at A260 nm
(ThermoFisher Scientific).

2.2.4 – Cloning PCR
To generate DNA fragments used in TOPO and Gibson Assembly cloning, the following
protocol was used. 1x High Fidelity Phusion Buffer (Thermo Scientific), 200 µM each of dATP,
dCTP, dGTP and dTTP, and 0.5 µM each of Gibson specific forward and reverse primers were
combined on ice. ~20 ng of template DNA was added to the reaction. 0.2 µL of Phusion
Polymerase (Thermo Scientific) at 0.4 U/µL was added to each reaction, and autoclaved MilliQ
H2O was added to bring the final reaction volume of 50 µL. Samples were briefly vortexed and
centrifuged before being placed in a thermocycler.
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The thermocycler was brought to 98°C before samples were placed inside. Samples
underwent a 3 min incubation at 98°C. The thermocycler then repeated for a total of 35 cycles:
Denaturation at 98°C for 10 sec, annealing for 20 sec at temperatures determined by inputting
primer sequences into ThermoFisher TM calculator
(www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecularbiology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tmcalculator.html), followed by an elongation step at 72°C. Elongation times were determined
based on Phusion polymerase activity. Samples underwent a final incubation at 72°C for 5 min
before being kept at 4°C until removed from the thermocycler.
DNA Loading Buffer was added to a final concentration of 1x (5% glycerol (v/v),
0.042% Bromophenol Blue (v/v), 0.042% Xylocyanol (w/v), and 0.042% Orange G (w/v)), and
samples briefly vortexed and centrifuged before being separated in a 1% agarose gel containing
1x GelRed ® Nucleic Acid Stain (Biotium) for visualization.
After electrophoresis, DNA fragments for TOPO cloning or Gibson assembly were gel
extracted using the GeneJet Gel Purification Kit, following manufacturer protocols. After
elution, DNA concentration was measured using a nanodrop spectrophotometer at A260.
2.2.4a – Construction of ATAD3A1 localization vectors
PCR was used to generate initial entry vectors used in ATAD3A1 localization
experiments. A list of plasmids and primers can be found in Table SI-2.1 and Table SI-2.2
(submitted separately).
Vector specific primers were used to generate 35S::ATAD3A1-ITS (pEG5) and
35S::ATAD3A1-ΔITS vectors (pEG6) from 35S::ATAD3A1-Δ350 (pMK156), a plasmid encoding
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an ATAD3A1 cDNA C-terminally truncated at AA 350. pEG5 was amplified to contain the 35S
promoter region followed by the first 342 amino acids in the ATAD3A1 cDNA, while pEG6 was
amplified to contain the 35S promoter region followed by the first 308 amino acids in the
ATAD3A1 cDNA. pEG5 contains the ATAD3A1 putative internal targeting sequence (ITS) to
the mitochondria, while pEG6 excludes the ITS. Following insert PCR, which contained an
annealing step at 68°C and an elongation step of 2 min, gel extraction using the GeneJet Gel
Purification Kit (Thermo Scientific) was performed to recover the generated DNA fragments of
interest. Vector fragments were digested with Dpn1 (NEB), using the NEB restriction digest
protocol. Ligation was performed using T4 DNA Ligase (NEB) following manufacturer
protocols. Plasmids were then digested using Ssp1 and Dra1 (NEB) using the NEB restriction
digest protocol. Vectors were transformed into E. coli Top10 (2.2.1), miniprepped (2.2.3) and
sent out to be sequenced. After sequence confirmation, vectors underwent Gateway cloning, as
described in section 2.28, using pMDC83 (courtesy of Dr. Minsoo Kim), which contains an
mGFP6 coding sequence that creates a C-terminal mGFP6 fusion in frame with the inserted
fragment. 35S::ATAD3A1-ITS-mGFP6 (pEG8) and 35S::ATAD3A1-ΔITS-mGFP6 vectors
(pEG9) were transformed into E. coli Top10 cells and A. tumefaciens GV3101 cells (see sections
2.2.1 and 2.2.2). Following plasmid miniprep, pEG8 and pEG9 were digested with SspI and
HindIII (NEB) using the NEB restriction digestion protocol. Plasmids were then sequenced.

2.2.5 – Colony PCR
After bacterial transformation, PCR was performed on resulting colonies to verify
successful transformations. 1x High Fidelity Phusion Buffer (Thermo Scientific), 300 µM each
of dATP, dCTP, dGTP and dTTP, and 0.3 µM each of forward and reverse primers were
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combined on ice. 0.2 µL of freshly vortexed cells from overnight culture were added to each
reaction. 0.2 µL of Phusion Polymerase (Thermo Scientific) at 0.4 U/µL was added to each
reaction, and autoclaved MilliQ H2O was added to bring the final volume to 20 µL. Samples
were briefly vortexed and centrifuged before being placed in a thermocycler.
PCR reactions were placed in a thermocycler at 98°C for 3 min and then subjected to 35
cycles: Denaturation at 98°C for 10 sec, followed by 63°C annealing for 20 sec, followed by
elongation at 72°C for 30 sec. Samples underwent a final incubation at 72°C for 5 min before
being kept at 4°C until removal from the thermocycler.
DNA Loading Buffer was added to a final concentration of 1x (5% glycerol (v/v),
0.042% Bromophenol Blue (v/v), 0.042% Xylocyanol (w/v), and 0.042% Orange G (w/v)), and
samples were briefly vortexed and centrifuged before loading into an 1% agarose gel containing
1x GelRed® Nucleic Acid Stain (Biotium) for electrophoresis and visualization.

2.2.6 – Assembly of artificial micro-RNA (amia1) constructs and TOPO cloning
PCR was used to generate initial entry vectors used in amia1 knockdown experiments. A
list of plasmids and primers can be found in Table SI-1.1 and Table SI-1.2 (submitted
separately).
Two 21 nucleotide (nt) sequences complementary to different 21 nt coding sequences
from the ATAD3A1 gene were used to make artificial-microRNA (amiRNA) containing
plasmids, referred to as amia1-1 and amia1-2. Optimal sequences were selected by Dr. Minsoo
Kim using the WMD3 – Web MicroRNA Designer (WMD) tool (wmd3.weigelworld.org/cgibin/webapp.cgi; Schwab, et al., 2006 and Ossowski, et al., 2008). amia1-1 encodes the amiRNA
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sequence 5’-UAGCGCUAUGUGGACAGAAUA-3’, complementary to the ATAD3A1 coding
sequence 1179-1199 nt, corresponding to amino acids 309-315. amia1-2 encodes the amiRNA
sequence 5’-CUGGCGCGUAAAUCUGGUUUA-3’, complementary to the ATAD3A1 coding
sequence 1470-190 nt, which encodes amino acids 406-412.
The WMD amiRNA designer was used to generate four oligonucleotide primers, three of
which were used to clone three precursor fragments for the amia1-1 and amia1-2 coding
sequences into the pRS300 vector (Schwab, et al., 2006) via site-directed mutagenesis using
overlapping PCRs. DNA fragments were separated by electrophoresis and the desired DNA
fragments excised and purified from gel using the GeneJet Gel Purification kit (Thermo
Scientific). A second PCR was used to fuse each of the three precursor fragments into the
pRS300 vector backbone. Plasmids underwent electrophoresis and gel extraction as previously
described, and amia1-1 and amia1-2 constructs were then cloned into the pCR8/GW/TOPO
vector (Thermo Scientific) via TOPO cloning (pEG1 and pEG2). 3’ adenosine over hangs were
added to the ends of each construct by separately incubating 15 μL each PCR product in 200 μM
each of dATP, dCTP, dGTP and dTTP, 1x Taq Polymerase Buffer (Thermo Scientific), and 0.1
μL of Taq polymerase, with MilliQ H2O used to bring the final reaction volume to 20 μL, at
72°C for 30 min. DNA concentration was measured at A260. 1.34 ng of amia1-1 and amia1-2
construct DNA were combined, separately, with 7.5 ng of pCR8/GW/TOPO vector along with
0.5 μL of Salt Solution (Thermo Scientific); MilliQ H2O was used to bring the final reaction
volume to 6 μL. Reactions were gently mixed and incubated for 5 min at 23°C before being
transformed into E. coli Top10 cells (see section 2.2.1). EG1 and EG2 overnight cultures were
miniprepped (section 2.2.3), digested using EcoRI (NEB) using the NEB restriction digest
protocol, and sent out for sequencing.

50

GateWay cloning (see 2.2.8) was used to transfer the amia1-1 and amia1-2 coding
sequences from pEG1 and pEG2 into the pMCS:GW destination vector (Michniewicz, et al.,
2015) (now pEG3 and pEG4, respectively), and then transformed into E. coli Top10 cells (see
2.2.1). EG3 and EG4 overnight cultures were miniprepped (see 2.2.3), digested with EcoRI
(NEB) using the NEB restriction digestion protocol, and sent out for sequencing.

2.2.7 – Construction of TurboID-fusion entry vectors using Gibson assembly cloning
Gibson Assembly was used to create pEG10, pEG11, pEG12, pEG13, pEG14, and
pEG15 entry vectors. Information on plasmids used in the construction of these entry vectors is
listed in Table SI-4.1 (submitted separately). All Gibson Assembly primers were designed using
NEBuilder® from New England BioLabs (nebuilder.neb.com). A list of Gibson-specific primers
can be found in Table SI-4.2 (submitted separately).
Gibson-specific primers were used to amplify DNA fragments from plasmids using the
Insert PCR protocol described in section 2.2.4. DNA fragments were separated by gelelectrophoresis, visualized, and DNA fragments of the expected size were excised under a UV
transilluminator. DNA fragments were purified from the gel using the GeneJet Gel Purification
Kit with manufacturer protocols. A three-fold molar excess of insert DNA fragments were
combined with the DNA fragment amplified from backbone vectors. An equal volume of Gibson
Assembly master mix (3.75% PEG-8000, 75 mM Tris-HCl pH 8.0, 7.5 mM MgCl2, 0.15 mM
each of dATP, dCTP, dGTP, dTTP, 7.5 mM DTT, 0.75 mM NAD, 0.004 U/µL T5 Exonuclease,
0.0025 U/µL Phusion polymerase, 4 U/µL DNA ligase) was added, and samples were incubated
at 55°C for 4 hrs. Samples were kept at -20°C until into E. coli Top10.
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Entry vectors generated via Gibson Assembly used in the creation of TurboID fusion
constructs include: ATAD3A1-TurboID, TurboID-ATAD3A1, TurboID-mGFP6, MTSmCherry-TurboID, and TurboID-MTS-mCherry-ADAPTER (pEG11, pEG12, pEG12, pEG13,
pEG14, and pEG15, respectively). pEG7, which encodes ATAD3A1 cDNA, was used as the
insert to create pEG10 and pEG11. mGFP6 cDNA, present in pEG10 which encodes
ATAD3A1p::ATAD3A1-mGFP6, was used as the insert in the creation of pEG12. pEG10 and
pmt-rk, which encodes the mitochondrial-targeting pre-sequence for the Saccharomyces
cerevisiae COXIV protein fused to the fluorescent protein mCherry, were used as inserts in the
creation of pEG14. pV159, which encodes ADAPTER cDNA (AGI: At3G15640), was used as
the insert in the creation of pEG15. p1300 (provided by Dr. Patrick Treffon), which contains
TurboID cDNA, was used to amplify the backbone for all entry vectors except for pEG15;
pEG13 was used as the backbone for pEG15.

2.2.8 – Assembly of destination vectors using Gateway cloning
GateWay cloning was used to create the following expression vectors: pEG3, pEG4,
pEG8, pEG9, pEG16, pEG17, pEG18, pEG19, pEG20, pEG21, and pEG22. Information on
required entry and destination vectors can be found in Table SI-4.1 (submitted separately).
A 2-fold molar excess of entry vector (between 25-75 ng of DNA) was combined with
destination vector (50-150 ng of DNA) and 1x TE buffer (10 mM Tris-HCl @ pH 8.0, 1 mM
Ethylenediaminetetraacetic acid @ pH 8.0; EDTA) was used to bring the total volume to 5 µL.
LR Clonase™ II enzyme mix (Invitrogen) was thawed on ice for 2 min and lightly mixed before
being added to a final concentration of 16.67% v/v. Reactions were vortexed briefly and allowed
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to incubate at 25°C for 1 hr, or overnight at room temperature. Proteinase K was subsequently
added to a final concentration of 8.33% v/v, followed by incubation at 37°C for 10 min. Samples
were kept at -20°C until transformation into E. coli TOP10 and A. tumefaciens GV3101.

2.3 –Protein Extraction, Quantification, and Analysis
2.3.1 – Protein extraction from plate grown seedlings
Plate-grown seedlings were allowed to grow for 7 days after germination (DAG) before
being harvested. Seedlings were harvested into pre-weighed 1.5 mL Eppendorf tubes and
weighed before being snap-frozen in liquid nitrogen. Frozen plant material was ground into a
fine powder while being intermittently dipped into liquid nitrogen using pre-chilled pestles. 1.5x
protein extraction buffer (90 mM Tris-HCl @ pH 6.8, 90 mM Dithiothreitol (DTT), 3% Sodium
Dodecyl Sulfate (SDS), 22.5% Sucrose, 0.075% Bromophenol Blue) was heated to 95°C and
added to tubes containing ground plant material that had been partially thawed. A 3:1 volume to
weight of 1.5x protein extraction buffer was added to each sample and further homogenized with
a pestle. Samples were briefly vortexed and incubated at 95°C for 5 min before being centrifuged
at 13.4 RPM for 5 min. Supernatant was removed to new tubes for quantification of total protein.

2.3.2 – Determination of total protein concentration
Protein concentration of total leaf extracts was quantified using Whatman No. 1 filter
paper extraction (modified from Minamide, et al., 1990). A BSA standard was prepared at final
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concentrations of 1.2, 0.8, 0.4, 0.2, 0.1, and 0 µg/µL in 1x protein extraction buffer (60 mM,
Tris-HCl @ pH 6.8, 60 mM DTT, 2% SDS, 15% Sucrose, 0.05% Bromophenol Blue). 2 µL of
total protein extract and BSA were spotted on Whatman No. 1 filter paper in triplicate and
allowed to dry for 30-60 min. Filter paper was incubated in staining solution (40% EtOH, 10%
acetic acid, 0.3% (w/v) Coomassie® Blue R250; Polysciences, Inc.) for 30 min while shaking.
Filter paper was washed in DI H2O until the background was white and allowed to dry overnight
or incubated at 48°C for 90 min or until the paper was dry. Protein spots from the filter paper
were placed in 2% sodium dodecyl sulfate (SDS) using a hole-punch and incubated overnight.
Samples were briefly vortexed and 200 µL of each sample were moved to a 96-well plate.
Absorbance was read at A595 using a plate reader (Synergy 2, BioTek). 2µg protein/µL stock
solutions of each sample were made using 1x protein extraction buffer. Samples were stored at 20°.

2.3.3 – Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Protein samples were thawed, briefly vortexed, and incubated at 95° for 5 min and briefly
centrifuged. Known amounts of purified protein or protein extract were loaded on 5%-16% SDSPAGE gradient gels. Gels were run in 1x SDS Running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS) until sufficient separation was obtained. If not used for immunoblotting, gels were
briefly washed in DI H2O, placed in fresh DI H2O, and microwaved for 1 min. Gels were then
incubated on a rocking platform for 3 min, after which the DI H2O was decanted. Washing was
repeated twice more. Following washes, gels were incubated in a homemade fast stain solution
(0.1% Coomassie Brilliant Blue, 290 mM phosphoric acid, 16% ammonium sulfate) overnight
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while rocking. The following day, fast-stain solution was decanted and gels were incubated
overnight in fresh DI H2O. Gels were imaged on a transilluminator using an iPhone 8+ camera.

2.3.4 –Immunoblotting
Following SDS-PAGE, gels were fixed in 1x transfer buffer (25 mM Tris, 192 mM
glycine, 10% MeOH (v/v)) for five min before semi-dry transfer for 1 hr to a nitrocellulose
membrane with a pore size of 0.45 µm (GE Healthcare Life Sciences) using a TE 77 PWR SemiDry Transfer Unit (Hoefer, Inc.). After transfer, membranes were stained with Ponceau-S (0.1%
Ponceau S, 5% acetic acid) and imaged after differentiation with H2O. The membrane was
destained with 0.01 M NaOH followed by a brief wash in 1x TBST (20mM Tris-base, 150mM
NaCl, 0.05% Tween-20, adjusted to pH 7.6 with HCl). Each membrane was incubated in
blocking solution (5% w/v dry milk powder in 1x TBST), while rocking, for at least 30 min.
Fresh blocking solution was added to each membrane before primary antibodies were added.
Membranes were incubated overnight at 4°C. Following incubation, membranes were washed
three times with 1x TBST for 10 min each, while rocking. Fresh blocking solution was added
plus Goat-αRabbitIgG-HRP (Phyto AB) at a 1:10000 dilution (100 ng/mL), and incubated at
room temperature for 90 min or overnight at 4°C. Following incubation, membranes were
washed three times for 10 min while rocking in 1x TBST. ECL solution was used to visualize
signal. H2O2 was added to ECL solution (100 mM Tris @ pH8.5, 5.1 mM p-Coumaric acid, 0.8
mM Luminol) to a final concentration of 3% and kept in the dark until membranes were
visualized. 2 mL of ECL solution was added to each membrane, and membranes incubated in the
dark for 2 min. Membranes were imaged using a G:Box iChemi XT Gel Documentation System
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(SynGene; 4.2-megapixel camera). Membranes were stored in 1x TBST until they were reprobed.
All immunoblots of plant protein extracts were subject to antibody stripping so they
could be re-probed for normalization using αActin. Membranes were incubated in mild stripping
buffer (200 mM glycine, 3.5 mM SDS, 1% Tween20, adjusted to pH 2.2 with HCl) twice for 10
min each, followed by two 10 min washes using 1x Phosphate Buffered Saline (PBS; 137 mM
NaCl, 12 mM phosphate, 2.7 mM KCl, adjusted to pH 7.4) and two 5 min wash steps using 1x
TBST. Membranes were then prepared as described above until overnight incubation with a
1:5000 αActin (Agrisera; AS13 2640). Blots were washed, incubated in 1:10000 GoatαRabbitIgG-HRP (Phyto AB; PHY6000), visualized, and imaged as described above. Images
were loaded into ImageJ software and the relative protein amount, normalized against actin,
quantified using Microsoft Excel.

2.3.4a –Sensitivity testing of αA1c and αB1c antisera
Antibody sensitivity tests were carried out with antibodies made against the C-terminal
domains of ATAD3A1 and ATAD3B1 (αA1c and αB1c, respectively; Pocono Rabbit Farm). A
1:3000 (333 ng/ml) dilution of αA1c was tested against 20, 10, 5 and 1 ng of ATAD3A1c and
400, 200, 100, and 50 ng of ATAD3B1c. A 1:3000 (333 ng/ml) dilution of αB1c was tested
against 20, 10, 5, and 1 ng of both ATAD3A1c and ATAD3B1c. Both membranes were further
processed as previously described. 1:3000 (333 ng/ml) dilutions of αA1c and αB1c were
separately tested against blots containing 40 µg of total protein extract isolated from WT,
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MK125 (ATAD3A1-GFP transgene in the a1b1 DKO background; courtesy of Dr. Minsoo
Kim), atad3a1, atad3a2, atad3b1, and atad3b2 seedlings.

2.3.4b – ATAD3A1 quantification in amia1 plant lines
Immunoblots to measure to relative amount of ATAD3A1 in amia1 plant lines were
performed. Total leaf protein extract was isolated from confirmed homozygous amia1-2-2.1,
amia1-2-6.7, and amia1-2-7.1 lines, as well as “large” and “small” variants of amia1-1-7.10.1,
amia1-1-8.10.1, amia1-1-21.2.1, amia1-1-23.5.1, and two independent lines transformed with
empty vectors (UBQ-EV-5.2.2 and UBQ-EV-6.8.1) 37 days after germination (DAG). Two
SDS-PAGE gels were loaded with 20 μg of total protein extract from each plant line, followed
by immunoblotting. Membranes were separately incubated in a 1:3000 (333 ng/ml) dilution of
αA1c or αB1c and further processed as previously described.
Additional immunoblots were performed on the three independent amia1-2 lines: amia12-2.1, amia1-2-6.7, and amia1-2-7.1, which showed the greatest decrease in ATAD3A1
expression among the original six independent amia1-2 lines isolated (data not shown), and three
independent lines transformed with empty vector: UBQ-EV-3.2, UBQ-EV-5.2.2, UBQ-EV-6.8.1,
as well as WT and MK125 (35S::ATAD3A1-GFP). 40 μg of total protein extract from each plant
line were analyzed by immunoblotting. This experiment was performed in triplicate. Membranes
were incubated in a 1:3000 (333 ng/ml) dilution of αA1c.

2.4 – Agrobacterium Mediated Infiltration of Tobacco Leaves
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2.4.1 – Preparation of A. tumefaciens:
Luria-Bertani (LB) liquid medium with appropriate antibiotics was inoculated with A.
tumefaciens from glycerol stocks that contained a plasmid of interest and incubated at 28°C, 200
RPM, for a minimum of 24 hrs. Cultures were centrifuged in 15 mL conical tubes at 5000 rcf at
room temperature (23°C) for 20 min. The cell pellet was resuspended in Agro-Infiltration buffer
(10 mM MES-KOH, pH 5.7, 10 mM MgCl2). The OD600 1:10 dilutions were measured using a
NanoDrop 2000c Spectrophotometer (Thermo Scientific). Bacteria for infiltration were
combined such that each strain had a final OD600 of 0.5. A final concentration of 200 µM
acetosyringone was added to each sample, and samples incubated at room temperature for 12-16
hrs before infiltration.

2.4.2 – Growth and Agrobacterium infiltration of Nicotiana benthamiana
Cell suspensions were infiltrated into the adaxial side of tobacco leaves from plants
between 3-6 weeks of age, using a 1 mL needle-less syringe. 1 mL of cell suspension was used to
infiltrate one tobacco leaf by pressing the syringe to the leaf and exerting gentle counter-pressure
using a finger, such that the leaf vasculature became saturated without compromising the leaf
integrity. Plants were put back into the growth chamber and confocal microscopy performed 3 or
5 days after infiltration (DAI).
N. benthamiana was grown in a growth chamber set to 16hr light/8hr dark cycle
(22°C/18°C, respectively) with an intensity of 60-80 photon M2/Wv for 3-6 weeks before being
infiltrated.
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2.5 – Laser-Scanning Confocal Microscopy
2.5.1 – Confocal microscopy of N. benthamiana leaves
A. tumefaciens transformed with ATAD3A1 localization vectors encoding
35S::ATAD3A1-ITS-mGFP6, 35S::ATAD3A1-ΔITS-mGFP6, atad3a1p::ATAD3A1-S58-mGFP6,
atad3a1p::ATAD3A1-ΔS58-mGFP6, and 35S::mts-mcherry (pEG8, pEG8, pMK178, pMK193,
and pmt-rk, respectively) along with p19 (A. tumefaciens AGO1; pDGB3alpha2_35S:P19:Tnos
(GB1203) was a gift from Diego Orzaez) were prepared as described above (2.5.1).
Experimental vectors along with pmt-rk and p19 were combined such that each cell suspension
had a final OD600 of 0.5, for a total OD600 of 1.5. Infiltration was performed as previously
described (2.5.2), and plants were imaged with an Olympus FLUOVIEW FV1000 laser-scanning
confocal microscope (Olympus LifeScience) 3 DAI.
A. tumefaciens transformed with BiFC vectors noted in Table SI 3.1 (courtesy of Samuel
Zelman and Dr. Minsoo Kim) along with p19 (A. tumefaciens AGO1) were prepared as
previously described (2.5.1). Each combination of ATAD3 N-terminal YFP and C-Terminal YFP
fusion constructs and each combination of ATAD3 N-Terminal YFP fusion with pSpyCe and
ATAD3 C-Terminal YFP fusion constructs, along with p19, were combined such that each cell
suspension had a final OD600 of 0.5, for a total OD600 of 1.5. Infiltration and imaging were as
previously described (2.5.2) 5 DAI. A list of BiFC plasmids and primers can be found in Table
SI-3.1.
5x5 mm squares of infiltrated leaf tissue was excised using a scalpel and tweezers and
placed, adaxial face up, on a slide with ~ 60 μL of H2O, and a cover slip was placed such that air
bubbles were removed from beneath the tissue sample. A 60x oil objective was used to image
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tissue samples. Excitation wavelengths of 488 nm and 568 nm (Alexa Fluor 488 and Alexa Fluor
568, respectively) and TD1 (brightfield) were used to visualize fluorescence from tissue
infiltrated with ATAD3A1 localization vectors. Excitation wavelengths of 495 nm and 532 nm
(FITC and TRITC, respectively) and TD1 (brightfield) were used to visualize fluorescence from
sample tissue infiltrated with BiFC vectors. Laser intensity, gain and offset parameters were
adjusted such that there was minimal to no saturation; images were captured at a resolution of
512x512 pixels.

2.5.2 – Confocal microscopy of amia1-2 seedling roots for mitochondria and mtDNA
visualization
amia1-2 lines amia1-2-2.1, amia1-2-6.7, amia1-2-7.1, UBQ-EV-3.2, UBQ-EV-5.2.2,
UBQ-EV-6.8.1 as well as WT and shot1-2 seeds were sterilized, plated and stratified as described
above, except plates were placed vertically during stratification and growth. Seedlings were
grown for 8 DAG before being harvested to liquid 0.5x MS media. Seedlings were incubated in
liquid MS with 3 μL/mL of PicoGreen (Molecular Probes Inc.) for 30 min. Mitotracker Orange
was added at 500 nM, 20 min after PicoGreen, and samples incubate for 10 min. After
incubation, seedlings were placed in fresh MS until microscopy was performed.
Seedlings were placed onto a slide in ~ 40 μL of water, and a cover slip was placed to
cover the root but not the hypocotyl. A 60x oil objective was used to image the roots. Excitation
wavelengths of 473 nm and 559 nm were used to image the PicoGreen and Mitotracker Orange
probes, respectively. Laser intensity, gain and offset parameters were adjusted such that there
was minimal to no saturation. Images were captured at a resolution of 512x512 pixels.
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2.6 – Large Scale Protein Purification of TurboID for Antibody Production
2.6.1 – Bacterial growth and protein induction
BL21(DE3) pLysS chemically competent E. coli cells were transformed with p1398
(pET23b-His-SUMO-TurboID) using the New England Biolabs transformation protocol. The
bacterial outgrowth suspension was plated on Luria-Bertani (LB) agar plates containing
ampicillin (100 μg/mL) and chloramphenicol (20 μg/mL) and incubated overnight (16-18 hrs) at
37°C. A single colony was inoculated in 100 mL of LB media containing ampicillin (100 μg/mL)
and chloramphenicol (20 μg/mL) and incubated for 12-16 hrs at 37°C and 200 RPM. Following
incubation, 50 mL was used to inoculate two 2.8 L flasks with 950 mL LB media containing
ampicillin (100 μg/mL) and chloramphenicol (20 μg/mL) and incubated at 37°C OD600 of 0.40.6. Protein expression was induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG).
Cultures were incubated overnight at 18°C and 200 RPM. Cultures were centrifuged at 5000
RPM for 15 min in a rotor pre-chilled to 4°C. The pelleted cells were stored at -20°C.

2.6.2 – Cell lysis and preparation of supernatant
Pelleted cells were thawed on ice for 15-20 min in Lysis buffer (50mM NaH2PO4, 300
mM NaCl, 10 mM imidazole; adjusted to pH 8.0 with NaOH), at a ratio of 1 mL per 1 gram of
pellet, containing a Protease Inhibitor Mini-Tablet (Thermo Scientific) and resuspended using
manual agitation. The cell suspension was run through a Microfluidizer (Microfluidics, Newton
Ma; Model: 110L) repeatedly until homogeneity was achieved. The lysate was centrifuged in a
pre-chilled rotor cooled to 4°C at 20,000 rpm for 30 min, and the cleared lysate used for protein
purification.
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2.6.3 – Fast Liquid Protein Chromatography (FPLC) based protein purification of His-SUMOTurboID
His-SUMO-TurboID was purified using the ÄKTA Start FPLC (GE Healthcare) in a 4°C
cold-cabinet. The sample pump was purged with 10 mL of Lysis buffer at a flow rate of 5 mL
min-1per min. Intake valves for pumps A and B were submerged in Lysis buffer and Elution
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, adjusted to pH 8.0 with NaOH)
and pumps A and B were purged using 10 mL of Lysis buffer at a flowrate of 5 mL min-1. After
system tubing was purged, a 1 mL HisPurTM Ni-NTA Chromatography Cartridge (Thermo
Scientific) was attached and washed with 10 mL of Lysis buffer at a flowrate of 1 mL min-1.
Cleared lysate was loaded through the sample valve at a flowrate of 1 mL min-1. The HisSUMO-TurboID fusion protein and weakly bound proteins bound to the column, and the
flowthrough was directed to the waste outlet. The column was washed with 15 column volumes
(15 mL) of a combination of 96% lysis buffer and 4% elution buffer (10 mM imidazole) at a
flowrate of 1 mL min-1, collecting 10 mL fractions (1.5 fractions). To elute the target protein, six
column volumes of 100% elution buffer (isocratic elution) was run through the column and
collected as 1 mL fractions (6 eluate fractions total) at a flow rate of 1 mL min-1. To reequilibrate the system tubing and column, 5 column volumes of 100% lysis buffer at a flowrate
of 1 mL min-1 were run through the system and directed to the waste outlet.

2.6.4 – ULP protease-mediated cleavage and overnight buffer exchange via dialysis
Elution fractions 2-5 collected in the purification of His-SUMO-TurboID were pooled
and loaded into SpectralPor®3 Dialysis Membrane tubing (Spectrum Laboratories, Inc.) with a
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molecular weight cut-off of 3.5 kDa. Prior to loading the sample, the dialysis tubing was cut to a
length of 9 cm and equilibrated in deionized water for 5 min. The tubing was clamped and the
pooled eluate was added. Ubiquitin-like specific protease 1 (ULP1, provided by Dr. Patrick
Treffon), purified in 50mM potassium phosphate (KPI) at pH 7.2, was added at a final
concentration of 60.2 µg/mL, as well as dithiothreitol (DTT) at a final concentration of 2 mM.
The tubing was clamped and dialyzed in a 1 L beaker of sterile 1x Phosphate Buffered Saline
[PBS (127 mM NaCl, 12 mM Phosphate, and 2.7 mM KCl, adjusted to pH of 7.4 with HCl], with
stirring at 4°C overnight.

2.6.5 – FPLC based purification of TurboID
After buffer exchange and cleavage of the His-SUMO tag from TurboID, the protein
solution was transferred from the dialysis tubing into a sterile conical tube. TurboID was further
purified from the His-SUMO tag using an ÄKTA Start FPLC (GE Healthcare). Before applying
the sample, the sample intake valve, pump A and a 1 mL HisPurTM Ni-NTA Chromatography
Cartridge (Thermo Scientific) were equilibrated with 10 mL of sterile 1x PBS at a flowrate of 1
mL per min. Using a manual run, the sample was applied to the intake valve at a flowrate of 0.5
mL min-1. Once the sample was taken up, the run was paused, and 1x PBS was taken up by the
sample valve. At this point, fractionation was enabled and 1 mL fractions collected for both the
flowthrough and the eluate. The flowthrough was collected until the absorbance peak (A595)
corresponding to protein dropped back to 0 mAU, at which point the run was paused and elution
buffer was taken up from pump B. About 10 mL of elution buffer was used to elute the HisSUMO tag + Ulp1 protease and uncleaved HIS-SUMO-TurboID from the column. Eluate was
collected until the absorbance peak dropped to 0 mAU. Flowthrough fractions with the highest
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absorbance were pooled, as were the eluate fractions. Samples at different stages of expression
and purification were analyzed by SDS-PAGE.

2.6.6 – SDS-PAGE and immunoblotting of fractions collected from TurboID purification
Collected fractions were separated on a 5-16% gradient SDS-PAGE gel and visualized as
by staining to assess the purification. Three additional gels loaded with pure TurboID at 75, 50,
25, 10, 5 and 1 ng were run to test the sensitivity of the αTurboID antibody. One gel was silver
stained by incubating in a fixing solution (0.05% formaldehyde, 40% ethanol, 10% acetic acid)
for 60 min, after which it was washed two times for 15 min with deionized water. The gel was
then incubated in a sensitizing solution (0.02% sodium thiosulfate pentahydrate) for 60 sec and
washed three times with deionized water for 20 sec each, then incubated in staining solution
(0.1% silver nitrate, 0.2% formaldehyde) for 20 min followed by 3 washes with deionized water
for 20 sec each. Lastly, the gel was incubated in developer solution (3% sodium carbonate,
0.05% formaldehyde) until the desired level of band intensity was achieved, and subsequently
incubated in 5% acetic acid and imaged on a transilluminator box. All incubation and wash steps
took place while rocking at room temperature.
The remaining two gels were used for immunoblotting. Blots were washed in 1x TBST
(20mM Tris-base, 150mM NaCl, 0.05% Tween-20, adjusted to pH 7.6 with HCl). Each
membrane was incubated in blocking solution (5% w/v dry milk powder in 1x TBST), while
rocking, for at least 30 min. New blocking solution was added to each membrane with either a
1:1000 (1µg/mL) or 1:3000 (333 ng/mL) dilution of αTurboID antibody (Agrisera; AS20 4440)
and incubated overnight at 4°C. Following incubation, membranes were washed three times with
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1x TBST for 10 min each, while rocking. New blocking solution was then added and GoatαRabbitIgG-HRP (Agrisera; AS09 602) was added at a 1:10000 dilution (100 ng/mL), and
allowed to incubate either at room temperature for 1 hr or overnight at 4°C. Following
incubation with secondary antibody, membranes were again washed three times, each for ten min
while rocking, in 1x TBST. A visualizing solution was prepared using a 1:1 mixture of
AgriseraECL Bright A and B (Agrisera AB) and added to each membrane, which were then
incubated in the dark for 2 min. Finally, each membrane was visualized using a G:Box iChemi
XT Gel Documentation System (SynGene; 4.2-megapixel camera) and images were acquired.
Membranes were stored in 1x TBST until they were re-probed.
Membranes were stripped of bound antibodies for re-probing in mild stripping buffer
(200 mM glycine, 3.5 mM SDS, 1% Tween20, adjusted to pH 2.2 with HCl) twice for 10 min
each, followed by 4 consecutive wash steps of 10 min using 1x TBST. Membranes were then
prepared as described above until overnight incubation with a 1:5000 αActin (Agrisera; AS13
2640). Blots were then washed, incubated in 1:10000 Goat-αRabbitIgG-HRP (Agrisera; AS09
602), and visualized as described above.
Images were loaded into ImageJ software and the relative amount of protein was
quantified using Microsoft Excel. Intensities of the protein of interest were normalized against
those of actin to obtain the relative amount of protein in each sample.
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Chapter 3: Phenotypic Characterization of ATAD3A1 Knockdown Mutants

3.1 – Introduction:
3.1.1 – Analysis of ATAD3 mutants in A. thaliana
To determine if one or more of the ATAD3 proteins are essential for growth of A. thaliana, the
Vierling lab obtained T-DNA insertional mutants of all four ATAD3 genes (a1-1: GK-217D03,
a2-1: 308 SAIL_1215_E01, a3-1: SALK_007874, a4-1: SALKseq_127403.1). Each of these
Single KnockOut (SKO) mutants is viable and presents no observable phenotypes under optimal
growth conditions (Figure 3.1). This suggests that ATAD3 proteins perform redundant functions
in plants. To assess the viability of Double KnockOut (DKO) mutants, Dr. Minsoo Kim
performed genetic crosses on all pairwise combinations of SKO mutants. Results of these crosses
revealed that DKO mutants of both genes from one clade (a1a2 and b1b2) are “gameto-lethal”
(Fig. 3.1). Segregation of the F2 produced no seeds homozygous for both a1 and a2 or for b1 and
b2 mutant alleles (Dr. Minsoo Kim, personal communication, and Kim et al., 2020), indicating
that an ATAD3 protein from each clade is required for plant viability. Interclade DKO mutant
homozygous a1b1 and a2b1 are also gameto-lethal, while a1b2 and a2b2 plants are viable and
aphenotypic. These data indicate that B1 from clade 2 is required for viable plants in the absence
of one gene from clade 1 (Figure 3.1). Analysis of ATAD3 proteins showed that B2 is the least
expressed of the four ATAD3 proteins in A. thaliana, with proteomics showing B2 is expressed
at a level of one molecule per mitochondria (Fuchs, et al., 2020). This suggests that B2 is
completely redundant, yet the intraclade DKO of clade 2 proteins is non-viable, leading to
questions about the function of B2.

66

In total, it is clear that there is a degree of redundancy between ATAD3 proteins in A.
thaliana, as all SKO mutants are visually aphenotypic, and behave like WT plants under heatstress conditions using hypocotyl elongation assays (Kim, et al., 2021 & Zelman, 2020).
However, the gameto-lethality of intraclade and B1-containing DKO plant lines indicates that, at
least between clades, ATAD3 proteins fulfill unique roles in A. thaliana.

Figure 3.1. Viability of ATAD3 Single and Double Knockout (SKO, DKO) mutants in A.
thaliana. T-DNA insertion SKO mutants are viable and show no observable deleterious
phenotypes. Pairwise crosses of each SKO mutant were made to assess phenotypes of DKO
mutants. Both intraclade DKO mutants (a1a2 and b1b2) are gameto-lethal, no homozygous mutant
seeds are obtained in the F2 or F3. This is also the case with interclade DKO mutants a1b1 and
a2b1. Interclade DKO mutants a1b2 and a2b2 are viable and aphenotypic.
To investigate further the genetics of ATAD3 mutants, Dr. Kim transformed an
ATAD3A1-GFP coding sequence driven by the native promoter (MK125) into the a1 SKO and
into the a1a1 b1+ mutant backgrounds. The A1-GFP transgene rescued the lethal phenotype of
the a1b1 DKO, but the plants display retarded growth, indicating incomplete complementation of
the DKO by the transgene. The a1 SKO mutants carrying the A1-GFP transgene also showed
delayed growth, though not as severe as plants in the DKO background (Kim, et al., 2021).
Though viable plants were recovered, these data indicate that the GFP tag is disrupting, in part,
the function of A1. Additionally, the growth phenotype in the SKO mutant background suggests
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that the transgene may act in a dominant-negative fashion (Kim, et al., 2021). Phenotypes
observed include decreased growth rate, enhanced heat-stress tolerance, and mitochondrial
abnormalities such as enlarged mitochondria with disrupted nucleoid structure (Kim, et al.,
2021).
The lack of phenotype or lethal phenotype of SKO and DKO ATAD3 mutants in A.
thaliana limit the information genetic analysis can provide concerning the function of these
proteins. Therefore, I sought to generate a partial loss-of-function mutant using an amiRNA
(artificial microRNA) approach.

3.1.2 – MicroRNA silencing of gene expression in plants and animals
MicroRNA (miRNA) is a type of interfering RNA (RNAi) that functions to silence gene
expression (Ossowski, et al., 2008). miRNAs are present in both plants and animals, but the
pathway through which they silence gene expression differs. miRNAs in plants require a higher
degree of complementarity to their mRNA targets than animal miRNA, but they target a smaller
number mRNAs (Schwab, et al., 2006). miRNA is genomically encoded and folds into a hairpin
structure upon transcription. In plants, the hairpin is processed by Dicer-Like 1 Protein into
single stranded RNA fragments between 19-24 nucleotides (nt) (Schwab, et al., 2006 & Kurihara
and Watanabe, 2004) and then loaded into the RNA-Induced Silencing Complex (RISC), which
guides the complex to the targeted mRNA transcripts. In animals, miRNAs cause translational
arrest of their complementary mRNA, while in plants, the RISC-miRNA complex contains an
endonuclease subunit that cleaves the target mRNA, which is subsequently degraded by
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exonucleases in the cell (Ossowski, et al., 2008). The greater specificity of miRNA in plants
(Llave, et al., 2002) makes miRNA well suited to create gene knockdown models in plants.
Because the general mechanisms and requirements for gene silencing by miRNA are
understood, it is now possible to design miRNAs to target any gene of interest with amiRNAs.
Therefore, to generate a partial loss-of-function ATAD3 mutant I introduced amiRNAs targeting
A1 into a b1 SKO background.

3.2 – Results

3.2.1 – amiRNA-mediated knockdown of ATAD3A1 in the b1 SKO mutant background
Two 21 nt amiRNA sequences, each complementary to a different region of the A1
mRNA sequence, were designed by Dr. Minsoo Kim using the WMD3 Web MicroRNA
Designer (Ossowski, et al., 2008; wmd3.weigelworld.org/cgi-bin/webapp.cgi) and referred to as
amia1-1 and amia1-2. amia1-1 is complementary to sequence encoding part of the Internal
Targeting Sequence (ITS) and contains a mismatch of two base-pairs (bp) with its target region.
amia1-2 is complementary to sequence encoding part of the first pore-loop motif in the AAA
domain and contains a two bp mismatch with its target (Figure 3.2). Alignment of amia1-1 and
1-2 with sequence of all four A. thaliana ATAD3 genes is shown in Figure S4.
The amiRNA sequences were cloned into the miR3119a gene of the pRS300 vector
(Shwab, et al., 2006) and after verification by sequencing, each was cloned into a destination
vector and transformed into A. tumefaciens. Each vector was transformed into the b1 SKO
mutant background. In addition to the two amiRNA mutant lines made, b1 SKO mutants were
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transformed with an empty vector that does not contain amiRNA sequences to create negative
control plant lines.

FIGURE 3.2. amia1-1 and amia1-2 amiRNA constructs were designed to suppress expression
of ATAD3A1. Diagram of amiRNA-targeted regions on the A1 mRNA transcript. Two amiRNA
sequences were chosen using WMD3 Web MicroRNA Designer (Ossowski, et al., 2008;
wmd3.weigelworld.org/cgi-bin/webapp.cgi). amia1-1 is complementary to the mRNA sequence
encoding part of A1’s ITS and amia1-2 is complementary to the mRNA sequence encoding part
of the first pore-loop motif in the AAA+ domain.

3.2.2 – Determining the specificity of ATAD3A1 and B1 antisera
To be able to validate that the amiRNA constructs successfully suppressed A1
expression, I first performed immunoblots to examine the sensitivity and specificity of
polyclonal rabbit antibodies that the Vierling lab had generated against the AAA domain of A1
and B1 (αA1c and αB1c, respectively). I tested these antibodies on immunoblots of the purified
AAA domain from A1 and B1 (A1c and B1c, respectively; Courtesy of Samuel Zelman; Figure
3.3). αA1c and αB1c antisera can detect as low as 1 ng of A1c and B1c, respectively.
Additionally, αA1c cross-reacts with B1c, and αB1c cross-reacts with A1c, but αA1c is between
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12-15x more sensitive to A1c than to B1c, while αB1c is about 5-10x more sensitive to B1c than
to A1c.

Figure 3.3. Antibody sensitivity tests of αA1c and αB1c on ATAD3A1 and ATAD3B1 Ctermini show cross-reactivity. αA1c and αB1c detect as little as 1 ng of purified A1c and B1c,
respectively. Cross-reactivity is observed between αA1c and B1c as well as between αB1c and
A1c. Purified A1 and B1 C-termini were loaded in the amounts indicated in ng. 10 µg of Bovine
Serum Albumin was used as a negative control. A 1:3000 dilution of either antibody was used on
each blot. Band intensity was analyzed using ImageJ software (imagej.nih.gov/ij/).

αA1c and αB1c were tested on total protein extracted from WT and SKO mutant
seedlings to measure relative expression of A1 and B1. A1 has a calculated MW of ~69.5 kDa,
while A2, B1, and B2 each have a MW of ~71 kDa. A blot using αA1c shows the band
corresponding to A1 is more intense in a2, b1, and b2 SKO lines as compared to WT (Figure 3.4
A). A less intense band of a slightly higher MW, probably corresponding to A2, was detected in
the a1 SKO mutant line. This band was also present in the other SKO lines. A blot using αB1c
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showed similar levels of intensity of B1 between WT and a1, a2, and b2 (Figure 3.4 B). A weak
band corresponding to A1 was observed in the b1 SKO line, as well as an even weaker band of
slightly higher MW, corresponding to either A2 or B2. This band is masked in each of the other
samples, as A2, B1, and B2 all have approximately the same MW and are expected to comigrate.

Figure 3.4. A1 expression is moderately increased in a2, b1, and b2 SKO lines and while B1
expression in similar in a1, a2, and b2 SKO lines. Immunoblots testing expression levels of A1
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(A) and B1 (B). 40 µg of total protein from each of the indicated SKO lines was tested against A)
αA1c or B) αB1c at a dilution of 1:3000. The band corresponding to A1 in a2, b1, and b2 SKO
lines are more intense as compared to WT. The band corresponding to B1 in a1, a2, and b2 SKO
lines show similar levels of intensity to WT. Total amount of protein loaded in each well was
visualized using Ponceau-S stain and αactin. Band intensity was analyzed using ImageJ
(imagej.nih.gov/ij/).

3.2.3 – Isolation of homozygous amia1 knockdown lines and analysis ATAD3A1 suppression
amia1-1, amia1-2, and EV constructs were transformed into the b1 SKO plant
background. Isolation of homozygous amia1-1 plant lines proved difficult. Thus, I worked
primarily with the amia1-2 plant lines in subsequent experiments. EV and amia1-2 plants
segregated normally and homozygous lines were obtained. Five amia1-2 lines were identified to
be homozygous in the T3 generation, and nine EV homozygous lines were also isolated. To
quantitatively assess the degree of A1 suppression in amia1-2 lines, multiple blots using αA1
were performed on total protein extract from WT, EV and amia1-2 seedlings from each
independent line. I performed a preliminary immunoblot on total protein extract from seedlings
of each homozygous amia1-2 line, as well as a representative EV line and WT (Figure 3.5). The
band intensity corresponding to A1 was similar between WT and EV lines but reduced to
different extents in the amia1-2 lines. amia1-1 lines 2.1, 6.7, and 7.1. From preliminary analysis,
amia1-2_2.1, 6.7, and 7.1 showed the most substantial decrease in A1 expression levels, and
were chosen for subsequent analysis.
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Figure 3.5. A1 expression is suppressed in three of five amia1-2 lines. A preliminary
immunoblot of total protein extracts from WT, EV and amia1-2 plant lines. A 1:3000 dilution of
A1 antisera was used. Total protein was visualized and band intensity analyzed as in Figure 3.4

I performed a series of immunoblots on amia1-2 lines 2.1, 6.7, and 7.1 as well as EV and
WT lines to further quantify the expression of A1. While amia1-2_6.7 shows decreased
expression of A1, it is not as low as in amia1-2_2.1 or 7.1. A less intense band of slightly higher
molecular weight, as seen in the blots against SKO protein extracts, was present in all samples
tested. However, this band was somewhat more intense in the amia1-2 lines than in WT or EV
lines (Figure 3.5a). Given the cross-reactivity of αA1, this band most likely represents both A2
and B2.
A1 expression was also measured in plants expressing A1-GFP in the a1b1 DKO
background (MK125 line) (Figure 3.5a). A1-GFP does not fully complement the DKO (Kim, et
al., 2021). A band (~96 kDa) corresponding to the A1-GFP fusion protein was detected in this
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line, along with other bands that likely represent partial degradation products. Bands at ~72kDa
MW could also result from increased levels of A2 and or B2 in this line.

Figure 3.6a. amia1-2 plants show decreased expression of ATAD3A1 as compared to EV and
WT plants. A representative immunoblot of total protein extracts from WT, EV and amia1-2 plant
lines. A 1:3000 dilution of antisera was used. Total protein was visualized and band intensity
analyzed as in Figure 3.4

The ratio of A1 to actin band intensity (measured using ImageJ; imagej.nih.gov/ij/) from
all blots were analyzed by an Anova: One Factor (Figure 3.5b). A1 was significantly reduced in
all three chosen amia1-2 mutant lines compared to WT and EV lines, which showed similar
levels of A1.
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Figure 3.6b. amia1-2 plants show decreased expression of ATAD3A1 as compared to EV and
WT plants. Box and whisker plot of relative A1 expression levels. Expression measured in
Arbitrary Units (A.U.). At least three biological replicates and immunoblots were used to generate
these data.

Isolation of homozygous amia1-1 plant lines proved difficult. The amia1-1 lines
exhibited abnormal segregation ratio from the T2 generation onwards when grown on selective
medium. Segregation of T3 ami1-1 plants that were BASTA resistant produced two different
amia1-1 plant types referred to as “Large” and “Small”, though both are significantly smaller
than WT and EV plants (Figure 3.7). The “Large” plants produced small siliques, with few
seeds, though there seemed to be more siliques per plant. This phenotype was even more severe
in the “Small” plants, which produced fewer or no siliques, often times devoid of seeds. These
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phenotypes made it difficult to obtain additional seed material for the amia1-1 plant lines.
Propagation of “Large” and “Small” plants through the T4 generation resulted in the same
“Large” and “Small” plants. Notably, many amia1-1 seeds did not germinate. Identification of
homozygous amia1-1 lines was also made challenging given their very slow growth. Because of
these challenges, the genetics of amia1-1 independent lines remain unconfirmed, though they are
at least heterozygous for the amia1-1 transgene. A total of four T4 amia1-1 lines were isolated
displaying the “Large” and “Small” growth phenotypes.
An immunoblot using αA1 was performed on total protein extract from four independent
lines of both “Large” and “Small” amia1-1 mutants (Figure 3.7 A). While there is clearly
decreased expression of A1 in the lines tested, there is no pattern associated with “Large” vs
“Small” plants from these lines. The higher MW band corresponding to A2 and B2 appears more
intense than in amia1-2, EV, or WT lines. A blot using αB1 was also performed to determine if
there was increased expression of A2 or B2, but low band intensity was observed in all lanes
(Figure 3.7 B). This is likely due to the fact that αB1 is 5-10x less sensitive in detecting clade 1
proteins (Figures 3.3 and 3.4). Given the absence of B1 in these lines, this suggests that B2
expression is too low to be detected, while significance of clade 1 protein expression cannot be
determined.
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Figure 3.7. amia1-1 plants show decreased expression of ATAD3A1. Immunoblot using 40 µg
of total protein from WT, EV, amia1-1, and amia1-2 seedlings. αA1c and αB1c were used at a
1:3000 dilution (A and B, respectively) All amia1 lines tested show decreased levels of A1 as
compared to WT and EV plants (A). EV and amia1 plant lines are in the b1 SKO mutant
background, therefore any reactivity using αB1c must correspond to A1, A2, and/or B2 (B). Total
protein was visualized as in Figure 3.4

3.2.4 – amia1-1 and amia1-2 knockdown lines display retarded growth phenotypes
The selected amia1-1 and amia1-2 transgenic plant lines all displayed multiple
deleterious growth phenotypes, including retarded growth, small and deformed leaves, and
premature bolting. Interestingly, amia1-1 plants displayed much more severe growth phenotypes
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then amia1-2 plants. As previously mentioned, amia1-1 lines show a distribution of “Large” and
“Small” plants, but both display severely delayed growth beginning from germination through
senescence. Leaves in these lines were much smaller than in WT and EV plants, had reduced
surface area, and were malformed (Figure 3.8). Reproductive capabilities in these plants were
severely impacted. amia1-1 plants took 2-4 months longer to produce siliques compared to WT
and EV lines. “Large” plants showed increased branching with increased silique production, but
siliques were smaller and contained fewer seeds than WT and EV siliques. “Small” plants did not
always produce siliques, but those that did were miniscule and were often devoid of seeds.

FIGURE 3.8. amia1-1 plants display severely reduced growth. Representative T4 amia1-1
plants 40 DAG. Each independent line shows a distribution of “Large” (light blue circles) and
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“Small” (red circles) plants, but were still significantly smaller than WT plants at a similar age
(see Figure 3.9). Leaves of both “Large” and “Small” plants are deformed and abaxially curled.

amia1-2 plants had a more moderate reduced-growth phenotypes as compared to amia1-1
lines. amia1-2 lines 2.1 and 7.1 were significantly smaller than WT and EV lines, and displayed
narrow, malformed leaves with abaxial leaf curling (Figure 3.9). Reproductive capabilities were
also impacted in 2.1 and 7.1, with silique production delayed by about 3-5 weeks as compared to
WT and EV lines. Siliques from these plants were marginally smaller. Curiously, amia1-2_6.7
was much more similar in size, growth rate, and reproductive ability to WT and EV lines (Figure
3.9).
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FIGURE 3.9. amia1-2 plants display a more moderate reduced growth phenotype as
compared to amia1-1 plants. Representative images of T3 amia1-2 plants 37 DAG. WT and
EV lines are shown on the top row, and amia1-2 lines are shown on the bottom. amia1-2_6.7 and
both EV lines are similar to WT plants, while amia1-2_2.1 and amia1-2_7.1 lines are
significantly smaller. amia1-2_2.1 and amia1-2_7.1 lines also display deformed leaf shape and
abaxial curling.

3.2.5 – Quantitative phenotypic analysis of amia1-2 plants shows significant defects in growth
Root growth of WT, EV, and each of the amia1-2 lines was assayed on vertical MS-Agar
plates. Plates were scanned on days 3, 5, and 7 after germination. Root length was measured
using ImageJ software (imagej.nih.gov/ij/) and results analyzed using an ANOVA: 2 Factor test
with replication. An alpha-value cut off of 0.05 was used to define the p-value. All three amia1-2
plant lines displayed significantly delayed root growth compared to WT and EV lines at both 5
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and 7 DAG; amia1-2_2.1 root length was significantly less than WT and EV lines at 3 DAG
(Figure 3.10).

FIGURE 3.10. Average root growth of amia1-2 plants is significantly decreased compared
to WT and Empty Vector plants. Vertically grown seedlings from WT, EV, and amia1-2 plant
lines were scanned on 3, 5, and 7 DAG. Three biological replicates were performed, with three
measurements taken of each line from each replicate. Root length was measured using ImageJ
(imagej.nih.gov/ij/). Significance was determined with an ANOVA: Two-Factor with replication
test. p-value ≤ 0.05.

To measure aerial phenotypes of amia1-2 lines as compared to EV and WT plants, I took
images once per week of four plants from each independent line starting from 11 DAG to 35
DAG until the inflorescences began to obscure the rosette. Two biological replicates of the
aforementioned plant lines were analyzed in this way. Using benchmarks of A. thaliana WT
growth as described in Boyes, et al., 2001, I analyzed mutant growth phenotypes quantitatively
with ImageJ software, including number of leaves, rosette radius, leaf length and leaf width.
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Statistical analysis was performed by ANOVA: 2 Factor with replication with an alpha-cutoff of
0.05.
There was no significant difference in the number of leaves between WT, EV and amia12 plant lines (Figure 3.11). The values for WT correlate with data from Boyes, et al., (2001).

FIGURE 3.11. Number of leaves of WT, EV and amia1-2 plants do not significantly differ.
Leaf number from each of the indicated plant lines were counted 11, 16, 21, 25, and 43 DAG. Four
plants from each independent line were measured. Significance determined using an ANOVA:
Two-Factor with Replication test. There is no significant difference in the number of leaves
between WT, EV and amia1-2 plant lines. p-value ≤ 0.05.

Rosette radius was measured from the center of the rosette to the tip of the leaf furthest
from the rosette center, normally the largest leaf on the plant. The amia1-2_2.1 and 7.1 plants
had significantly smaller rosette radii as compared to WT and EV plants. amia1_2-6.7 did not
display a significant difference is rosette radius as compared to WT and EV plants from 21 DAG
onwards, though were significantly smaller at 11 and 16 DAG (Figure 3.12).
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FIGURE 3.12. Average rosette radii of amia1-2 lines 2.1 and 7.1 are significantly decreased
as compared to WT, Empty Vector, and amia1-2_6.7 plants. Average rosette radii from each
of the indicated plant lines were measured using ImageJ (imagej.nih.gov/ij/) 11, 16, 21, 25, and 43
DAG. Four plants from each independent line were used to calculate the significance using an
ANOVA: Two-Factor with Replication test. At 11 and 16 DAG, rosette radii from each amia1-2
line were significantly lower than WT and EV plants. From 21 DAG, amia1-2_6.7 rosette radii
were no longer significant as compared to WT and EV lines, while amia1-2_2.1 and amia1-2_7.1
plants were. p-value ≤ 0.05.

Leaf length was measured from the tip of largest leaf to its base. Leaf width was
measured on the largest leaf at the widest area. Results showed that the amia1-2_2.1 and 7.1
plant lines had significantly smaller leaves compared to WT and EV lines (Figures 3.13 and
3.14). Leaf length and width from amia1-2_6.7 plants were significantly below that of WT and
EV lines at 11 and 16 DAG, but from 21 DAG onwards were not significantly smaller than WT
and EV plants.
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FIGURE 3.13. Average leaf length of amia1-2 lines 2.1 and 7.1 are significantly decreased
as compared to WT, Empty Vector, and amia1-2_6.7 plants. Average leaf length was
measured from leaf tip to base on the largest leaf of each plant as previously described (Figure
3.11) At 11 and 16 DAG, leaf length from each amia1-2 line were significantly lower than WT
and EV plants. From 21 DAG, amia1-2_6.7 leaf length was no longer significant as compared to
WT and EV lines, while amia1-2_2.1 and amia1-2_7.1 plants were. Statistical analysis
performed as Figure 3.11. p-value ≤ 0.05.

FIGURE 3.14. Average leaf width of amia1-2 lines 2.1 and 7.1 are significantly decreased as
compared to Wt, Empty Vector, and amia1-2_6.7 plants. Average leaf width was measured at
the widest part on the largest leaf of each plant as previously described (Figure 3.11). At 11 and
16 DAG, leaf width from each amia1-2 line were significantly lower than WT and EV plants.
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From 21 DAG, amia1-2_6.7 leaf length was no longer significant as compared to WT and EV
lines, while amia1-2_2.1 and amia1-2_7.1 plants were. Statistical analysis performed as for
Figure 3.11. p-value ≤ 0.05.

3.2.6 – amia1-2 mutants have enlarged mitochondria and perturbed nucleoid organization
A1-GFP mutant seedlings in the a1b1 DKO background display altered mitochondrial
morphology in the form of enlarged mitochondria with perturbed nucleoid organization (Kim, et
al., 2021). To evaluate if amia1-2 mutants displayed any mitochondrial abnormalities
comparable to those observed in A1-GFP lines, WT, EV and amia1-2 seedlings were visualized
using Laser-Sanning Confocal Microscopy (LSCM). Seedlings were germinated and grown in
Liquid MS for 1 week before being treated with Mitotracker to observe mitochondrial
morphology and with PicoGreen stain to visualize mitochondrial nucleoids. Mitochondria from
the amia1-2 mutant lines displayed many enlarged spherical mitochondria with diffuse nucleoid
organization, similar to A1-GFP mitochondria. This mitochondrial phenotype was observed
primarily in the meristematic zone and root cap, but was imaged in the elongation zone for
clarity. Mitochondria from EV showed mitochondrial morphology and nucleoids identical to WT
(Figure 3.15).
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Figure 3.15. amia1-2 display many giant, spherical mitochondria with perturbed nucleoid
organization. Representative LSCM images of root epidermal cells in the elongation zone. WT
and EV lines show normal mitochondrial morphology and nucleoid organization, while amia1-2
lines have many enlarged, spherical mitochondria with a diffuse nucleoid signal. Images were
obtained via laser-scanning confocal microscopy using a 60x oil objective at 240x magnification
and excitation wavelengths of 488 nm and 550 nm for PicoGreen and Mitotracker, respectively.
Scale bar = 20 µM.

3.3 – Discussion

3.3.1 – Reduced ATAD3A1 levels in a b1 background impacts growth and mitochondrial
morphology
Like their metazoan homologues, ATAD3 proteins in A. thaliana are required for proper
growth and development, but unlike metazoans, A. thaliana and other plants have four ATAD3
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proteins representing two evolutionary clades. Genetics of ATAD3 knockout mutants in A.
thaliana indicate that these proteins are semi-redundant, as SKO mutants are viable and
aphenotypic under optimal growth conditions. However, viable plants are not recovered from
four of the six possible DKO mutant combinations, although the other two DKO combinations
produce viable plants that are aphenotypic (Figure 3.1). Furthermore, the incomplete
complementation of the a1b1 DKO by an A1-GFP transgene indicates that these proteins
assemble as hetero-hexamers (Kim, et al., 2021).
To gain further insight into ATAD3 function, I generated A1 deficient plants in a b1 SKO
background using two different amiRNA constructs. Both amiRNA lines, amia1-1 and amia1-2,
showed a retarded growth phenotype. The difference in severity of growth phenotypes between
the two lines is perplexing, but could be due to increased targeting and degradation of A2 and/or
B2 mRNA transcripts in amia1-1 lines. However, the amia1-2 sequence has greater homology to
the A2 and B2 mRNA transcripts than the amia1-1 sequence (Figure S4). The more severe
growth phenotype of amia1-1 plants is difficult to explain. A confounding factor was the
segregation ratios of amia1-1 plants from the F2 generation onwards. Identifying homozygous
plant lines was a challenge, as many of the seedlings were small and discolored like BASTA
sensitive seedlings. Identification of homozygotes from the amia1-2 mutant lines was achieved,
and three confirmed homozygous lines that showed the most significant decrease of A1
expression levels were chosen for quantitative growth phenotyping (Figure 3.5b). Two of the
three homozygous lines (amia1-2_2.1 and 7.1) displayed a retarded growth phenotype, though
not as severe as seen in amia1-1 lines. amia1-2_6.7 appeared similar to WT and EV controls
from 21 DAG onwards. The difference in the severity of aerial growth phenotype between
independent lines transformed with the amia1-2 amiRNA construct is perplexing as well, and
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clearly other unknown factors are at play. Interestingly, the rate of root growth was significantly
slower for amia1-2_6.7 as compared to WT and EV lines, suggesting that root elongation at the
seedling stage is more dependent on proper mitochondrial morphology. Regardless, these
experiments show that the knockdown of A1 in the b1 SKO mutant background produce plants
that are deficient in various attributes of plant growth.
Immunoblots assessing the expression levels of A1 show that both amiRNA mutant lines
have decreased levels of A1 as compared to WT and EV controls, though most amia1-1 mutants
have lower A1 levels than amia1-2 plants (Figure 3.7 A). Additionally, A2 and/or B2 proteins
are detectably upregulated in amia1 plant lines, though more in amia1-1 than in amia1-2 lines.
Given the specificity of αA1 towards A1, αA1 was most likely detecting A2 rather than B2.
Immunoblots using αB1c were also performed. As both amiRNA constructs were transformed
into b1 SKO mutants, these blots were performed to detect any increased expression of B2.
Bands corresponding to the molecular weight of A2 and B2 are weak. As αB1c ~5-10x less
sensitive to A1 than B1, this suggests that B2 was not upregulated in amia1-1 lines, but
conclusions are difficult to draw
The level of A1 was reduced in amia1 plant lines, but determining if there were changes
in the level of A2 and B2 is challenging, as the sequence identity between ATAD3 proteins in
the same clade is ~85%. Performing qPCR on transcript levels of A1, A2, and B2 in the amia1
lines could help clarify changes in A2 and B2 expression as related to the immunoblot
observations. These data may also give insight into the differences in growth between amia1-1
and amia1-2 lines. I hypothesize that the imbalance in the ratio of ATAD3 proteins in these
mutants causes an inability to form required amounts of hetero-oligomers per mitochondrion.
This idea is explored further in Chapter 5. Observation of mitochondrial morphology in amia1
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mutant plants furthers this hypothesis. As seen in plants expressing an A1-GFP fusion protein in
the a1 SKO and a1b1 DKO mutant backgrounds (Kim, et al., 2021), amia1-1 plants display
enlarged spherical mitochondria. This phenotype was not observed in WT or EV lines.
Furthermore, the nucleoids of these mutants appear perturbed, as the associated signal was
diffuse within the enlarged mitochondria, another phenotype observed in the A1-GFP lines.
These phenotypes are also present in shot1 mutant plants (Kim, et al., 2021 & Zelman 2020). As
SHOT1 is known to interact with mtDNA, results presented here indicate that ATAD3 proteins
also play a role in or interact with nucleoid maintenance. These observations in conjunction with
the retarded growth phenotype and decreased levels of A1 in amia1 lines indicate proper
mitochondrial function is perturbed in these plants.

3.3.2 – Future directions and experiments for amiRNA knockdown plants
It would be interesting to test knockdown of A1 in the background of the SKO and viable
DKO mutant lines. Suppression of A1 in the a2b2 DKO background would likely produce the
same, or more severe phenotypes. a2b2 DKO mutant would produce the same, or worse
phenotypes. Given that DKO mutants of clade 1 proteins and B2 are viable, deleterious
phenotypes in these plants could be more severe. Transforming each amia1 construct into WT
plants would also be a useful control, as this could show if either amia1 construct is suppressing
the transcription of off-target mRNA. This may be a reason why amia1-1 plants displayed a
more severe growth phenotypes than amia1-2 plants, though blasting each amia1 construct
against the A. thaliana genome produced no likely targets.
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A common phenotype seen in perturbed mitochondria is altered mitochondrial respiration
stemming from decreased expression or altered biogenesis of OXPHOS (OXidative
PHOSphorylation) proteins (O’Leary, et al., 2019). Plants in the a1/b1 transformed with the A1GFP transgene display partial complementation of A1 (Kim, et al., 2021). Results of Blue-Native
(BN) pages show that biogenesis of complexes I, III, IV, and V are impacted in these plants.
Assembly of complex II, the only OXPHOS complex lacking mitochondrial encoded subunits,
was unaffected (Kim, et al., 2021). These data indicate that decreased levels of A1 expression
impact the ability of mitochondria-encoded subunits of the OXPHOS complex to form WT
levels of respiratory complexes. To investigate whether mutant phenotypes observed in amia1
plant lines results from decreased expression/biogenesis of OXPHOS complexes, respiration
could be measured from mitochondria isolated from amia1 lines, and BN-PAGEs and activity
gels would enable assessment of the integrity of OXPHOS expression and biogenesis.
Heat-stress phenotypes could also be examined in A1 knockdown lines. Previous
research from the Vierling lab has shown that A1-GFP lines have increased thermotolerance
after heat shock using hypocotyl elongation assays (Kim, et al., 2021). When these assays were
performed on each atad3 SKO lines, increased thermotolerance post-heat shock was not
observed (Zelman, 2020). Additionally, mterf18/shot1 knockout plants show increased
thermotolerance after heat shock (Kim, et al., 2021 & Zelman 2020). As ATAD3 proteins are
known to interact with SHOT1 in A. thaliana, I hypothesize that A1 knockdown plants posses
increased resistance to heat shock as well. Hypocotyl elongation assays post-heat shock can be
used to assess the thermotolerance of amia1 lines. Additionally, other stress tests such as
introduction of toxic heavy metals or a hypoxic environment could be performed on these plants
to assess if they show altered response as compared to WT plants.
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Chapter 4: Understanding the Requirements for Mitochondrial Targeting of ATAD3A1

4.1 – Introduction

4.1.1 – Localization sequences of mitochondrial proteins differ depending on their ultimate
destination within the mitochondrion

Although plant mitochondria contain more than 2000 proteins, only about 30 are encoded
in the mitochondrial genome (Marienfeld, et al., 1999 & Miller et al., 2005). Import and
assembly of nuclear-encoded, cytosolically-synthesized proteins that localize to the mitochondria
is accomplished by multiple pathways, with different pathways involved depending on the final
destination of the protein within the mitochondrion (Paul, et al., 2013). The ATAD3 family of
proteins are nuclear-encoded, and their unique topology and localization to mitochondrial contact
sites leads to questions of how they are translocated and orientated in the mitochondrial
membranes.
All nuclear-encoded proteins that localize to the mitochondria have an amino acid
sequence known as a Mitochondrial Targeting Signal (MTS). The biochemical characteristics of
an MTS and its location in the protein determine through which pathway it is sorted. MTSs can
be grouped with respect to a protein’s final destination within the mitochondrion (Omura, 1998).
The majority of proteins that localize to mitochondria contain a cleavable pre-sequence at their
N-terminus, which is generally a characteristic of proteins that will localize to the mitochondrial
matrix, while mitochondrial membrane proteins and proteins that localize to the intermembrane
space tend to have Internal Targeting Sequences (ITS), although there are exceptions in both
cases (Chacinska, et al., 2009).
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N-Terminal MTS that target proteins to the matrix form amphipathic alpha-helices that
are positivity charged, and generally range from 15-50 residues, though both longer and shorter
MTSs have been reported (Chacinska, et al., 2009). Once translocated to the matrix, the majority
of these pre-sequences are cleaved through the action of Mitochondrial Processing Peptidases
(Gahk, et al., 2002). The majority of mitochondrial preproteins with N-terminal pre-sequences
are translocated N-terminus first, however some preproteins are translocated as “loosely folded
linear peptide chains”, while others are inserted as a loop from the middle of the peptide chain
with both termini remaining cytosolic as the preprotein is translocated (Chacinska, et al., 2009).
Once fully translocated to the matrix, additional cleavage events may take place.
Proteins that localize to mitochondria, but do not have an N-terminal cleavable presequence contain an ITS, though there are many different iterations. All outer mitochondrial
membrane proteins, most intermembrane space proteins, numerous outer membrane proteins and
a handful of matrix proteins contain ITSs in the mature regions of their coding sequence
(Chacinska, et al., 2009). Beta-barrel type proteins that localize to the outer membrane contain a
unique non-cleavable beta-signal located in the C-terminus that is composed of the last betastrand of the protein. The beta-signal is recognized by Sorting and Assembly Machinery receptor
proteins in the outer membrane (Kutik, et al., 2008). Alpha-helical outer membrane proteins can
have a non-cleavable targeting sequence at the N- or C-terminus that act as membrane anchors
(signal sequence and tail, respectively). These MTSs are typically in close proximity to a stretch
of positively charged amino acids, and do not follow a specific mitochondrial import pathway
(Chacinska, et al., 2009).
Membrane proteins that localize to the inner mitochondrial membrane can contain
multiple (usually six) ITSs that function as transmembrane domains. These proteins and are
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exclusively found in eukaryotes and most proteins with this type of ITS are metabolite carriers
(Chacinska, et al., 2009). Each of these ITSs are about 10 residues in length, with their
distribution a function of the specific protein, and they are typically translocated across the
mitochondrial outer membrane in a loop orientation (Chacinska, et al., 2009). Some inner
membrane proteins have an ITS that has characteristics of cleavable pre-sequences, with a
preceding hydrophobic sequence, and are also translocated as a loop (Neupert and Herrmann,
2007).

4.1.2 – Human ATAD3A has an ITS and interacts with the inner and outer mitochondrial
membranes

ATAD3A proteins are a potentially unique class of transmembrane protein. hATAD3A
and all ATAD3 proteins in A. thaliana have two predicted transmembrane sequences (TM1 and
TM2) that are thought to pass through or contact both mitochondrial membranes (Baudier, et al.,
2018). Gilquin, et al. (2010) performed differential solubility assays followed by density gradient
centrifugation on hATAD3A that revealed it was embedded in the inner membrane, but also
appeared in density fractions indicating interaction with the outer mitochondrial membrane.
Gilquin et al. (2010) performed solubility assays in conjunction with tryptic digestion of
isolated mitochondria from human U37 cells to map the topology of hATAD3A. Under salt-free,
isotonic conditions, hATAD3A was fully protected from proteolysis. In salt-free hypotonic
conditions, which increases permeability of the outer membrane, hATAD3A was digested into
two fragments: a C-terminal fragment of 37 kDa, and another fragment termed ATAD3A*.
ATAD3A* was recognize by both N- and C-terminal αATAD3A, while the C-terminal fragment
was specifically recognized by the C-terminal antibody. To confirm that the C-terminal fragment
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was exposed to the mitochondrial matrix, Triton X-100 was used to compromise inner membrane
integrity, which resulted in complete digestion of hATAD3A (Gilquin, et al 2010).
hATAD3A does not have a cleavable N-terminal pre-sequence (Gilquin, et al., 2010).
Truncated Myc-tagged ATAD3A constructs were created to identify the location of the ITS in
hATAD3A. A C-terminal ATAD3A-Myc construct, encoding amino acids 245-586, which
includes the TM and AAA domains, localized to mitochondria. Additionally, solubility and
proteolysis experiments showed that this constructed behaved like WT hATAD3A (Gilquin, et
al., 2010). Three additional constructs wherein the first 50 amino acids of hATAD3A were
excluded were created to test the contribution of TM1 in localization. Three constructs were
tested: Δ50-250 ATAD3A-Myc, which included up to two amino acids into TM2; Δ50-280
ATAD3A-Myc, which encoded all of TM2 and up to 7 amino acids into the ITS; and Δ50-290
ATAD3A-Myc, which encoded through the entirety of the ITS. The first two constructs localized
exclusively to the cytosol, while Δ50-290 ATAD3A-Myc localized to the mitochondria,
indicating that hATAD3A requires both TM2 and the full ITS for proper mitochondrial
localization (Gilquin, et al., 2010).
Without the addition of Triton X-100 OPA1, a protein in the intermembrane space
anchored to the inner mitochondrial membrane, and ATAD3A were partially protected from
digestion, but in the presence of Triton X-100, full proteolysis was observed. Under isotonic
conditions and in the presence of salt, digitonin compromises the outer membrane, causing
intermembrane space proteins to become susceptible to proteolytic digest (Hackenbrock and
Miller, 1975). Mitochondrial contact sites are resistant to these effects (Shiao, et al., 1998). It
follows that mitochondrial contact site proteins are more resistant to proteolytic digest under
these conditions. OPA1 was fully digested both with and without salt under these conditions, but
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hATAD3A was protected, with the exception of digestion of the first 40 amino acids resulting in
the ATAD3A* fragment (Gilquin, et al., 2010). Taken together, these results indicate that
hATAD3A is both enriched at mitochondrial contact sites and that the first 40 amino acids of the
protein are either exposed to the cytosol or at the surface of the outer membrane (Gilquin, et al.,
2010).
As previously mentioned, Proline Rich Motifs (PRM) have been implicated in promoting
membrane anchoring (Vale, et al., 2007). ATAD3 proteins in A. thaliana seem to have a
minimally conserved PRM, with fewer proline residues than in hATAD3A. To test the
importance of the N-terminus of hATAD3A and its interaction with the outer mitochondrial
membrane, a construct encoding the first 250 amino acids of hATAD3A (Δ1-250ATAD3AMyc) was expressed in U37 cells (Gilquin, et al., 2010). Immunofluorescence revealed
interaction with mitochondrial tubules, and a 25 kDa fragment was resistant to proteolytic
digestion, while the C-terminal Myc-tag was proteolyzed. When the first 50 amino acids were
removed (Δ50-250 ATAD3A-Myc) no mitochondrial localization was observed. Additionally, a
construct encoding the first 220 amino acids of hATAD3A (1-220 ATAD3A-Myc) did not result
in mitochondrial localization. (Gilquin, et al., 2010). Taken together, these results show that the
first 50 amino acids of hATAD3A are important for interaction with the outer mitochondrial
membrane, but that features downstream in the N-terminus are also required for proper
mitochondrial localization (Gilquin, et al., 2010).
There has been minimal research performed on ATAD3 proteins, and the machinery of
mitochondrial contact sites in general, in plants. As in humans, the precise topology of ATAD3
proteins in plants is currently unknown. There has also been no research conducted on the
requirements of mitochondrial localization for plant ATAD3 proteins. One of the goals of my
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thesis research is to identify the amino acid sequence encoded by ATAD3A1 that targets it to the
mitochondria.

4.2 – Results

4.2.1 – Sequence alignments identify a putative ITS in A. thaliana ATAD3 proteins

A pair-wise sequence alignment (ebi.ac.uk/Tools/psa/emboss_needle/) was performed on
hATAD3A-2 and ATAD3A1 to identify a putative ITS for ATAD3 proteins in A. thaliana
(Figure S1). This alignment identified an 18 amino acid sequence with characteristics of an ITS
downstream of TM2 (Figure S1; ebi.ac.uk/Tools/msa/clustalo). The ITS of hATAD3A has a
sequence identity of 52.9% and a similarity of 88.2% to that of the putative ATAD3A1 ITS. This
putative ITS for mitochondrial import is highly conserved in each of the four A. thaliana ATAD3
homologs. The sequence in A. thaliana consists of 18 amino acid residues, 15 of which are
identical between all four homologs. Clade 1 proteins have an ITS identity of 100%, while clade
2 proteins have an ITS sequence identity of ~95% (Figure 4.1 C). Additionally, ATAD3 proteins
in A. thaliana have additional amino acids, 2-35 in ATAD3A1, at the N-terminus compared to
hATAD3A that could encoded an N-terminal mitochondrial import signal. Though the function
of this sequence is unknown, it may serve to aid in the initial contact between ATAD3 proteins
and the TOM complex, and act in a similar fashion to the PRM domain of hATAD3A.
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Figure 4.1. Putative Internal Targeting Sequence (ITS) of A. thaliana ATAD3 proteins and
design of constructs to test sequences required for mitochondrial localization. The ITS is
present downstream of the second transmembrane domain (in red). (A) Diagrams of experimental
vectors. Three constructs were assembled truncating the coding sequence of ATAD3A1 directly
after the ITS (pEG8), before the ITS (pEG9), and after the residue 58 (pMK193). (B) Diagrams of
control vectors. ATAD3A1-S58-GFP encodes A1 until the AAA domain, with a GFP fusion after
residue 58 (pMK178). GSNOR-GFP encodes S-nitrosoglutathione reductase-GFP (p1180). All
constructs were driven by the constitutive 35S promoter. (C) Multiple sequence alignment (Clustal
Omega, ebi.ac.uk/Tools/msa/clustalo) of the putative ITS region of all A. thaliana ATAD3
proteins.
4.2.2 – Experimental design and rationale

To test if ATAD3A1 has an N-terminal mitochondrial targeting sequence, an ITS for
mitochondrial import, or both, I designed three truncated ATAD3A1 constructs with C-terminal
GFP fusions. These constructs were transfected into Nicotiana benthamiana epidermal cells
using Agrobacterium mediated infiltration and subsequently analyzed by Laser-Scanning
Confocal Microscopy (LSCM). I designed the first of these constructs to confirm that ATAD3A1
does not have an N-terminal mitochondrial targeting signal. In this vector (1-58-ATAD3A1GFP, pMK193; Figure 4.1 A), the ATAD3A1 coding sequence was truncated after residue 58,
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and is expected to localize to the cytosol if this sequence does not function as mitochondrial Nterminal targeting sequence. To test if the putative ATAD3A1 ITS is sufficient for mitochondrial
localization, I designed two constructs: the first including the putative ITS (ATAD3A1-ITSGFP, pEG8; Figure 4.1 A) and the second truncated after TM2, before the ITS (ATAD3A1ΔITS-GFP, pEG9; Figure 4.1 A).
As a positive control for mitochondrial localization, I used a vector (pMK178; Figure 4.1
B) that encodes ATAD3A1 with a GFP insertion after residue 58 that had been previously shown
to localize to the mitochondria (ATAD3A1-S58-GFP; courtesy of Dr. Minsoo Kim). As a
positive control for cytosolic localization, a vector encoding S-nitrosoglutathione reductase-GFP
(Xu, et al., 2013; p1180; Figure 4.1 B) (Courtesy of Dr. Patrick Treffon) was used (GSNORGFP; courtesy of Dr. Patrick Treffon). Two additional plasmids were infiltrated with each
experimental or control vector. The first encoded the red fluorescent protein mCherry with the
N-terminal mitochondrial targeting sequence from S. cerevisiae COXIV, used as a mitochondrial
marker (MTS-mCherry, mt-rk). The second vector encoded p19, a protein from the tomato bushy
stunt virus, which suppresses siRNA tobacco cells, allowing higher expression of infiltrated
vectors (Circelli, et al., 2010). A co-infiltrate of mt-rk and p19 alone was used as a negative
control. In tobacco epidermal cells, a punctate fluorescent signal around the periphery of the cell
wall is indicative of mitochondrial localization, because the cytosol is appressed against the
plasma membrane by a large vacuole. Fluorescence from cytosolic localization is diffuse, and
envelopes the entire periphery of the cell, but there are no puncta.

4.2.3 –The first 58 amino acids of ATAD3A1 are not sufficient for mitochondrial localization,
but the ITS is required
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LSCM was performed on tobacco leaf epidermal cells that were infiltrated with each of
the experimental or control vectors in combination with MTS-mCherry and p19. Microscopy
was performed three days after infiltration (DAI) for all samples. Mitochondrial localization was
observed in cells transfected with ATAD3A1-ITS-GFP, as GFP fluoresced as distinct puncta
(Figure 4.2, Top). This was also true of ATAD3A1-S58-GFP, the positive control for
mitochondrial localization (Figure 4.2, 4th) Note that there was always some aggregation of GFP
signal in cells transiently expressing mitochondria-localizing constructs. Aggregation was more
profound in cells expressing ATAD3A1-ITS-GFP then in those expressing ATAD3A1-S58-GFP.
It is unknown if this difference is due to overexpression of the constructs, or if specifically, to
differences between efficiency of import or other differences. ATAD3A1-ΔITS-GFP localized
primarily to the cytosol, as there was a strong diffuse GFP signal surrounding the periphery of
the cell, though some GFP signal was observed to be punctate (Figure 4.2, 2nd). 1-58-ATAD3A1GFP localizes to the cytosol, as there was no observable GFP signal in puncta in the transfected
cells (Figure 4.2, 3rd). This was also true of the positive control for cytosolic localization,
GSNOR-GFP (Figure 4.3 5th).
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Figure 4.2. The internal targeting sequence of ATAD3A1 is necessary for mitochondrial
localization, while the N-terminus is not. ATAD3A1 variants (see Figure 4.1) ATAD3A1-ITSGFP (Top), ATAD3A1-ΔITS-GFP (2nd), or Δ1-58-ATAD3A1-GFP (3rd) were transiently
expressed in tobacco leaves along with the mitochondrial marker preCOXIV-mCherry.
ATAD3A1-S58-GFP (4th), and GSNOR-GFP (5th), with preCOXIV-mCherry serve as controls
for mitochondrial and cytosolic localization, respectively. preCOXIV-mCherry alone serves as a
negative control (Bottom) Images were obtained via LSCM using a 60x oil objective and
excitation wavelengths of 488 nm and 568 nm for GFP and mCherry, respectively. Arrows
indicated mitochondrial-localized fluorescence. Scale bar = 50 µM.
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Unfortunately, once aspect of these experiments did not give expected results. The
expression of mCherry was not solely localized to the mitochondria. While punctate mCherry
signal surrounding the central vacuole was observed, there was always a significant diffuse
signal seen around the periphery of the entire cell as well, typical of cytosolic localization. The
signal from mCherry fluorescence was stronger in the mitochondrial-puncta than in the cytosol.
The merged images of GFP and mCherry fluorescence was therefore sufficient to identify
distinct mitochondrial localization, as was seen with ATAD3A1-ITS-GFP and ATAD3A1-S58GFP. In the case of ATAD3A1-ΔITS-GFP, however, the cytosolic bleeding of mCherry
fluorescence made it difficult to definitely determine if this construct exhibited mitochondrial
localization, cytosolic localization, or was present in both the mitochondria and the cytosol. Both
1-58-ATAD3A-GFP and GSNOR-GFP, which localize to the cytosol, appear to emit a stronger
signal then constructs which localized to the mitochondria. However, this may be due to the fact
that there was aggregation in cells expressing mitochondrial localized constructs. It should also
be noted that in cells expressing the negative controls, mCherry and p19 alone (Figure 4.2,
Bottom), the intensity of cytosolic fluorescence of mCherry was less than in cells co-expressing
a GFP encoding construct in addition to mCherry, and the clarity of mCherry puncta was much
clearer. Given the strength of the cytosolic GFP signal in cells expressing ATAD3A1-ΔITSGFP, and the lack of cytosolic GFP signal in both ATAD3A1-ITS-GFP and ATAD3A1-S58GFP, this suggests that if ATAD3A1- ΔITS-GFP localizes to the mitochondria, it does so much
less efficiently than ATAD3A1-ITS-GFP.
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4.3 – Discussion

4.3.1 – The ITS of ATAD3A1 is required for mitochondrial localization
The ITS signal identified for ATAD3A1 is critical for proper localization to
mitochondria. Deletion of the ITS signal results in protein that is largely localized to the cytosol,
though it is possible that a small percentage of protein was able to localize to mitochondria. It is
clear the first 58 residues of ATAD3A1 alone are not sufficient for mitochondrial targeting. Also
noteworthy is the fact that a GFP fusion does not inhibit mitochondrial localization, though it
could impact the overall efficacy of targeting and/or import or final membrane topology. To
further examine the specific requirements for mitochondrial localization of ATAD3A1,
additional truncated mutant constructs should be tested.

4.3.2 – Additional truncated ATAD3 mutants will further pinpoint the specific requirements for
mitochondrial localization
Based on the results for Gilquin et al. (2010) the first 20 amino acids of hATAD3A and
both TM domains are sufficient to localize the protein to the mitochondria without the ITS
sequence. However, it is probable that this construct is not properly inserted into the
mitochondrial membrane and is unable to fully oligomerize. To investigate if the N-terminal
region of ATAD3A1 facilitates interaction with the mitochondria, a construct including the ITS,
but without the first 58 amino acids of ATAD3A1 could be tested. This construct would give
insight into whether or not the N-terminus of ATAD3A1 is required for interaction with
mitochondria, or if the TM domains and ITS are sufficient for proper localization. Additionally,
a construct without the majority of the DUF domain, but including the TM domains, the ITS and
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the rest of the C-Terminus could be examined to see if this is sufficient for mitochondrial
localization. Testing this construct will give further insight into the importance of the coiled-coil
domains in the DUF domain, which could provide insight into ATAD3 localization and
oligomerization. Additionally, designing constructs both with and without the ITS for each of the
other three ATAD3 proteins may be a worthwhile to see if there are differential requirements for
mitochondrial localization between ATAD3 proteins in A. thaliana.

4.3.3 – Optimization of current and future constructs and the infiltration process
All truncated ATAD3A1 mutants and both controls used in these experiments are driven
by the 35S promoter. Aggregation of mitochondrial localizing proteins and higher signal
intensity in cytosolic localizing proteins may result from overexpression of these constructs. I
found that lowering the number of cells in each co-infiltrate to an O.D. of 0.375 or 0.25 per
construct lessened the overall intensity of GFP fluorescence, but did not eliminate aggregation.
In the case of mCherry, lowering the total O.D. did not impact the ratio of mitochondrial
localized signal or cytosolic localized signal.
N. benthamiana contains four ATAD3 proteins that are homologous to those found in A.
thaliana (Table S1 and Table S2). To obtain a more accurate picture of ATAD3 expression in
tobacco, use of the native tobacco ATAD3A1 promoter could be used instead of the 35S
promoter. This strategy may lessen the aggregation seen in mitochondrial localizing constructs
and decrease the signal intensity of cytosolically localizing constructs. This would require
isolation of the ATAD3A1 gene and promoter from tobacco, followed by fusing it to the coding
sequence of ATAD3A1 from A. thaliana. Using the tobacco A1 promoter would be the closest
mimic to expression in A. thaliana. However, it is also possible that this promoter is only active
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during a specific stage of leaf development and would not express well in infiltration
experiments.
A mitochondrial marker that only fluoresces in the mitochondria is critical for future
microscopy. Chemical staining of mitochondria in tobacco cells proved problematic, as tests with
MitoTracker Orange (ThermoFisher Scientific) did not label mitochondria, but instead
illuminated chloroplasts. As an alternative to using mCherry, another fluorescent protein that is
complementary with GFP should be used, such as Red Fluorescent Protein. Alternatively,
mCherry could be fused to a different MTS.

4.3.4 – From localization to topology; the next step in characterizing ATAD3 function in A.
thaliana
There have been no studies of ATAD3 protein topology in plants, and the precise
topology of hATAD3A is still being debated. Regardless, the presence of two transmembrane
domains that are thought to contact both the inner and outer mitochondrial membranes beg the
question of how these proteins are translocated and inserted into their final orientation.
Traditional Co-IP/MS experiments may not be particularly useful for elucidating the
mitochondrial transport machinery involved in mitochondrial translocation of ATAD3 proteins,
as ATAD3 proteins co-localize with ER-mitochondrial associated membrane markers (Issop, et
al., 2015). This may result in identification of proteins that participate in mitochondrial protein
translocation, but are not directly involved in the translocation of ATAD3 proteins. Proximity
based labeling, which will be discussed in Chapter 6, would result in the same issues. Finally,
performing experiments such as selective solubility assays coupled differential gradient
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centrifugation proteolytic digest as demonstrated is Gilquin et al. (2010) by testing the truncated
ATAD3A constructs followed by immunostaining in protoplasts would enable an alternative
means of confirming the localization requirements of ATAD3 proteins in plants
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Chapter 5: Investigating Oligomerization between ATAD3 Proteins Using Bi-Molecular
Fluorescence Complementation

5.1 – Introduction:
5.1.1 – Oligomerization of AAA domain-containing proteins is required for their function
The function of AAA+ proteins is enabled by their ability to utilize the energy produced
from the hydrolysis of ATP, which is used in a wide variety of cellular processes (Wiese, et al.,
2006). Two motifs in the AAA domain, Walker A and Walker B, are responsible for nucleotide
binding and ATP hydrolysis, respectively (Vale, 2000). The Walker A motif contains a
conserved GKT/S motif; the lysine stabilizes the interaction between ATP and the protein by
contacting the γ-phosphate of ATP. ATAD3 proteins contain a conserved Walker B motif, which
also is extended into a DEAD box motif (Wiese, et al., 2006). To stabilize the anionic reaction
intermediates that form during ATP hydrolysis, AAA+ proteins use a Mg+2 cofactor that also
activates the ATP allowing for nucleophilic attack (Zimmerman, et al., 1998).
To perform the many cellular functions they facilitate, AAA+ proteins need to
oligomerize (Vale, 2000). Oligomerization of AAA+ proteins is controlled by substrate and/or
nucleotide binding; in the absence of these molecules, AAA+ proteins typically remain in their
inactive, monomeric state (Lupas and Martin, 2002). Proteins with a single AAA domain
hexamerize, resulting in a ring structure with a central pore (Lupas and Martin, 2002). Proteins
that contain two AAA domains form two separate hexamers that stacked on top of one another
(Vale, 2007).

5.1.2 – Patterns of ATAD3 oligomerization indicate it functions as a hexamer
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In vivo crosslinking has shown that human ATAD3A oligomerizes as a hexamer.
However, results are dependent upon the crosslinker used and its ability to penetrate membranes.
Crosslinking agents that are unable to permeate membranes result in ATAD3A proteins
organized as dimers, while those that permeate the mitochondrial membranes show that
ATAD3A primarily oligomerizes as a hexamer (Baudier, 2018). These experiments suggest that
the coiled-coil domains are responsible for initial dimer formation and exposure to the cytosol,
while substrate/nucleotide binding causes oligomerization of the AAA domain into the
hexameric ring structure. Additionally, a recent study found that deacetylation of K135 in
hATAD3A is required for its oligomerization (Zhao, et al., 2019), but this residue is not
conserved in the A. thaliana ATAD3 proteins.
ATAD3 oligomerization is more complicated in plants, given that higher plant species
have multiple ATAD3 genes. Given the genetics of SKO and DKO mutants discussed
previously, it seems that in certain combinations, ATAD3 proteins in A. thaliana are able to
compensate for the absence of each other by forming hetero-oligomers. If each ATAD3 protein
in A. thaliana performed a unique function, then deleterious phenotypes would be expected in
SKO mutants. As all SKO plants are viable and visually aphenotypic, it is probable that
compensation occurs due to the ability of ATAD3 proteins to hetero-oligomerize. There has been
no research performed on ATAD3 proteins in plants, and thus the oligomeric associations of
these proteins are unknown.
A previous graduate student in the Vierling lab began to characterize the oligomeric
patterns of ATAD3 proteins in A. thaliana through a series of cross-linking experiments. The Cterminal AAA domain of A1 and B1 proteins were cloned into pET23b HIS-SUMO vectors to
express fragments termed A1c and B1c, and the proteins purified through affinity
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chromatography (Zelman, 2020). To test if these N-terminally truncated ATAD3 proteins could
form hexamers, chemical cross-linking assays were performed on A1c and B1c. Two different
cross-linking agents were used in these in-vitro experiments: formaldehyde, which had been used
in previous studies of AAA+ protein oligomerization, and dithiobis-(succinimydl propionate)
(DSP) in order to compare different cross-linking conditions (Zelman, 2020). With DSP showed
A1c did show detectable oligomers, but internal cross-links were observed, as evident by a band
migrating faster than untreated A1c monomer (Zelman, 2020). DSP-mediated crosslinking of
B1c showed evidence of both dimeric and tetrameric states, and as with A1c, a band
corresponding to internal cross-linking of the monomer was observed (Zelman, 2020). Though
the degree of crosslinking for both A1c and B1c was positively correlated to the concentration of
DSP, neither protein showed any evidence of forming a hexamer (Zelman, 2020). These results
were recapitulated in crosslinking experiments with formaldehyde, with B1c showing a higher
propensity to form oligomers than A1c (Zelman, 2020).
Size exclusion chromatography (SEC) was also used as an alternative means to
investigate the oligomeric properties of A1c and B1c fragments. Similar results were observed,
with mostly monomeric species of each sample in the elution fractions, but both exhibited
chromatographic peaks indicative that some degree of oligomerization had occurred upon the
addition of ATP and Mg2+ (Zelman, 2020). SEC experiments also showed that B1c was more
likely to oligomerize with itself than A1c (Zelman, 2020). Finally, the ability for A1c and B1c to
facilitate ATP hydrolysis was tested. The results showed that both A1c and B1c exhibited a
lower degree of ATPase activity than the positive control, ClpX (Zelman, 2020).
Given the high sequence homology between the AAA domains of the four ATAD3
proteins, it is surprising that B1c showed a higher propensity for oligomerization than A1c. The
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inability to detect formation of A1c or B1c hexamers indicates that all or part of the DUF domain
is required for hexamerization or that the plant ATAD3 proteins cannot form homo-hexamers.
Additionally, the low ATPase activity of both A1c and B1c suggests that the N-terminus is
somehow required for ATP hydrolysis, potentially due to facilitation of hexamer formation,
and/or presence of a native substrate is required.
The possibility of ATAD3 hetero-oligomerization invokes a plethora of questions: are
interactions between all ATAD3 proteins possible? If so, are some interactions preferred over
others? How does oligomerization relate to the genetics observed in knockout and knockdown
plants? To address these questions, I used Bi-Molecular Fluorescence Complementation (BiFC)
as an approach to define oligomeric patterns of A. thaliana ATAD3 proteins and to provide
context as to why certain mutant knockout combinations are viable while others are not.
Additionally, these data will lead to a greater understanding of the function of ATAD3 proteins.

5.2 – Results
5.2.1 – Experimental rationale and ATAD3 BiFC vector design
To investigate whether A. thaliana ATAD3 proteins interact with one another, I used BiMolecular Fluorescence Complementation (BiFC). In BiFC experiments proteins that are
thought to interact are cloned into vectors that contain the coding sequence for either the N- or
C-terminus of a fluorescent protein (Kerpola, et al., 2006). This technique is well suited to study
protein-protein interactions in plants, as Agrobacterium-mediated infiltration of tobacco leaves
can be used in conjunction with fluorescence microscopy to assess if the two BiFC constructs are
in close proximity (Ohad and Yalovsky, 2010). If the two proteins interact, the two halves of the
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fluorescent protein will come together and fluoresce (Kerpola, et al., 2006). One key factor in a
BiFC experiment is the length of the linker sequence between a protein of interest and the
fluorescent protein. The shorter the linker length, the higher the probability that fluorescence
indicates the proteins of interest physically interact in their native environment (Kudla and Bock,
2016).
Each ATAD3 coding sequence was N-terminally fused to either the N- or C-Terminus of
YFP (nYFP or cYFP) in the BiFC vectors pSpyne (carrying the N-terminal segment of YFP) and
pSpyce (carrying the C-terminal segment of YFP), with an amino acid linker length of 29
residues, creating a total of eight BiFC vectors (courtesy of Samuel Zelman). Additionally,
pSpyne and pSpyce vectors without protein fusions were used as negative controls. A total of 25
different BiFC vector combinations were analyzed (Table 5.1). I used Agrobacterium-mediated
infiltration and visualization by LSCW to test each combination of BiFC vectors in tobacco
leaves. All possible combinations were inoculated, infiltrated and visualized five DAI, in
triplicate. 3-5 images were captured from 2-3 leaves in each replicate.
Table 5.1 - Vector Combinations for BiFC of ATAD3 in N. benthamiana

1

Boxed cells represent intraclade combinations, unboxed cells represent interclade interactions and dashed cells
represent negative controls.
2
A + symbol indicates a combination serving as a positive control, and a - indicates a combination serving as a
negative control
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5.2.2 – All pairwise combinations of ATAD3 proteins interact with each other, except for
ATAD3B2
Previous results obtained by Dr. Minsoo Kim in the Vierling lab showed that A1n and
A1c interact and produce a punctate signal in the cytosol surrounding the periphery of the cell,
indicating mitochondrial localization. In this previous experiment, A1n and A1c were encoded
on the same plasmid (unpublished data). To ensure the transfection of two separate BiFC vectors,
as created for my experiments, produced the same result, I tested the combination of A1n and
A1c first. MTS-mCherry was also infiltrated at the same time to verify that punctate signals
overlapped with a known mitochondrial marker. The combination of A1n and A1c vectors
produced intense, punctate YFP signals that overlapped with mCherry fluorescent puncta, clearly
indicating mitochondrial localization (Figure 5.1). pSpyne and pSpyce were co-infiltrated along
with MTS-mCherry to serve as a negative control. As expected, this combination did not produce
punctate signals associated with mitochondria, but instead localized diffusely in the cytosol.
There is a clear separation between the puncta produced by mCherry and the cytosolic signal
produced by pSpyne and pSpyce (Figure 5.1).
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Figure 5.1. ATAD3A1-nYFP and ATAD3A1-cYFP localize to mitochondria, where they
interact. Tobacco epidermal cells expressing A1n and A1c fusion proteins show interaction
between the two in the form of YFP puncta surrounding the central vacuole of the cell; YFP puncta
overlap with puncta produced by mitochondrial-targeted mCherry (TOP). Empty Spyne and Spyce
with mitochondria-targeted mCherry serve as negative control with no YFP puncta observed
(LOW). White arrows point to mitochondrial punctate signal, red arrows point to chloroplasts. The
fluorescent blob in the lower panel is the nucleus. Images were obtained by LSCM using a 60x oil
objective and excitation wavelengths of 495 nm and 568 nm for YFP and mCherry, respectively.
Scale bar = 50 µM.

Each paired combination of ATAD3 BiFC vectors were co-infiltrated to test all homointeractions. Combinations of A1n with A1c and B1n with B1c produced intense YFP puncta,
while A2n with A2c produced weak YFP puncta, but was still clearly localizing to the
mitochondria. Interestingly, YFP puncta were absent with the B2n with B2c combination,
instead displayed a diffuse YFP signal around the periphery of the cell indicating cytosolic
localization.

5.2.3 – Intraclade and interclade combinations of ATAD3 BiFC vectors produce a variety of
results
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I next tested all combinations of intraclade hetero-interactions between ATAD3 proteins.
Intraclade interactions between clade 1 proteins (A1n with A2c and A2n with A1c) produced
moderate YFP puncta, while intraclade interaction between clade 2 proteins (B1n with B2c and
B2n with B1C) only localized to the cytosol (Figure 5.3). Finally, I interclade heterointeractions. Clade 1 interactions with B1 displayed an interesting pattern. Combinations of A1n
with B1c and A2n with B1c produced weak YFP puncta, while B1n with A1c produced
moderate puncta. Interestingly, B1n with A2c produced the most intense punctate signal of any
combination tested (Figure 5.4). Clade 1 interactions with B2 proteins were more similar. All
combinations tested produced weak punctate signal, with few puncta observed per cell (Figure
5.5). Finally, all possible combinations of each ATAD3 BiFC vector were tested with pSpyne or
pSpyce to ensure that each combination of ATAD3 vectors were producing legitimate results
(Figures 5.6 and 5.7, respectively).
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Figure 5.2. All paired combinations of ATAD3-BiFC constructs homo-oligomerize, except
B2. Interaction of A1n and A1c (TOP) and B1n and B1c (3 ) produce intense YFP puncta, and
interaction of A2n and A1c (2 ) produce weak YFP puncta, all surrounding the central vacuole of
the cell. B2n and B2c do not interact in mitochondria (4 ), and show diffuse YFP signal indicative
of cytosolic localization. Empty Spyne and Spyce serve as negative control with no YFP puncta
observed (LOW). Images were obtained by LSCM using a 60x oil objective and excitation
wavelengths of 495 nm and 532 nm for YFP and chloroplast autofluorescence, respectively. Scale
bar = 50 µM. Each combination was tested in triplicate. 3-5 images were captured from 2-3 leaves
in each replicate.
rd

nd

th
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Figure 5.3. Intraclade combinations of Clade 1 ATAD3-BiFC constructs hetero-oligomerize,
while intraclade combinations of Clade 2 ATAD3 constructs do not. Interaction of A1n and
A2c (TOP), and A2n and A1c (2 ) produce moderate YFP punctate signal surrounding the central
vacuole of the cell. B1n and B2c (3 ) and B2n and B1c (LOW) do not interact in mitochondria.
With diffuse YFP signal indicative of cytosolic localization. Images obtained as described in
Figure 5.2. Scale bar = 50 µM. Each combination was tested in triplicate. 3-5 images were captured
from 2-3 leaves in each replicate.
nd

rd
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Figure 5.4. Interclade combinations of Clade 1 ATAD3-BiFC constructs with B1 heterooligomerize. Interaction of A1n with B1c (TOP), and B1n with A1c (2 ) produce moderate YFP
punctate signal, interaction of A2n with B2c (3 ) produce weak YFP punctate signal, and
interaction of B1n with A2c (LOW) produce intense YFP punctate signal, all surrounding the
central vacuole of the cell. Images obtained as described in Figure 5.2. Scale bar = 50 µM. Each
combination was tested in triplicate. Each combination was tested in triplicate. 3-5 images were
captured from 2-3 leaves in each replicate.
nd

rd
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Figure 5.5. Interclade combinations of clade 1 ATAD3 BiFC constructs with B2 do not
interact in mitochondria. A1n with B2c (Top), B2n with A1c (2nd), A2n with B2c (3rd), and B2n
with A2c display punctate few and weak YFP punctate signal all surrounding the central vacuole
of the cell. There is also diffuse YFP signal present, indicative of cytosolic localization. Images
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obtained as described in Figure 5.2. Scale bar = 50 µM. Each combination was tested in triplicate.
Each combination was tested in triplicate. 3-5 images were captured from 2-3 leaves in each
replicate.

Figure 5.6. ATAD3-cYFP-Spyne combinations do not interact in mitochondria. No
combinations of ATAD3c with Spyne interact in mitochondria. Mild YFP signal surrounding the
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periphery of the cell was observed, indicative of cytosolic localization. Images obtained as
described in Figure 5.2. Scale bar = 50 µM. Each combination was tested in triplicate. Each
combination was tested in triplicate. 3-5 images were captured from 2-3 leaves in each replicate.
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Figure 5.7. ATAD3-cYFP-Spyne combinations do not interact in mitochondria. No
combinations of ATAD3n with Spyce interact in mitochondria. Mild YFP signal surrounding the
periphery of the cell was observed, indicative of cytosolic localization Images obtained as
described in Figure 5.2. Scale bar = 50 µM. Each combination was tested in triplicate. Each
combination was tested in triplicate. 3-5 images were captured from 2-3 leaves in each replicate.

5.3 – Discussion

5.3.1 – ATAD3 proteins show specific interaction patterns
While it was known that ATAD3A1 interacts with itself and form oligomers when using
a single plasmid encoding both A1n and A1c sequences, verifying this combination when each
was infiltrated on a separate vector provide a positive control for each of the other combinations
tested (A1n/A1c). Additionally, co-infiltrating this combination with a mitochondrial marker
confirmed that punctate signal observed from any subsequent combination of BiFC vectors was
indeed a result of successful mitochondrial localization. Subsequent interaction between each
combination of BiFC vectors was ranked based on two criteria: number of puncta observed in
transfected cells, and signal intensity which is summarized in Table 4.2.
Table 5.2 - YFP puncta fluorescence intensity of ATAD3 BiFC combinations in N.
benthamiana

1

Boxed cells represent intraclade combinations, unboxed cells represent interclade interactions and dashed cells
represent negative controls.
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Using this combination as a baseline, I conclude that ATAD3A2 and ATAD3B1 interact
as homo-oligomers in vivo (A2n/A2c and B1n/B1c, respectively). Co-infiltration of B1n/B1c
produced an intense punctate signal, with minimal cytosolic localization, as seen in the A1n/A1c
trials. Co-infiltration of A2n/A2c produced punctate signal indicative of interaction in the
mitochondria, but signal was much weaker as compared to A1n/A1c and B1n/B1c. This suggests
that ATAD3B2 is more likely to interact with other ATAD3 proteins, rather than itself. The
combination of B2n with B2c (B2n/B2c) did not produce any punctate signal, but instead
resulted in strong cytosolic localization.
When testing intraclade combinations, I found that A2 interacts with A1 (A1n/A2c and
A2n/A1c), albeit with a less intense signal than A1n/A1c and B1n/B1c combinations. However,
both intraclade combinations of clade 2 proteins (B1n/B2c and B2n/B1c) resulted in a lack of
interaction in the mitochondria. Notably, when testing interclade combinations, A2n/B1c
produced relatively small amounts of puncta, though their intensity was moderate. The reciprocal
combination of B1n/A2c produce many intense puncta, on par with A1n/A1c and B1n/B1c. The
reason for this difference is unclear, but it was also seen to a lesser extent in the A1n/B1c and
B1n/A1c combinations. All interclade combinations between clade 1 proteins and B2 produced
very few puncta with relatively weak intensity and varying degrees of cytosolic signal.
The results of these experiments taken together reveal that each ATAD3 protein has a
different propensity for interaction with each other ATAD3 protein. The combinations with the
largest number of puncta and the most intense punctate signal were those that included A1 and
B1. This indicates that A1 and 3B1 may be the primary constituents of ATAD3 oligomers in
vivo. Additionally, punctate signal from the A2n/A2c combination was less intense than all intraand interclade combinations, though the this was not the case for the number of puncta observed
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for combinations of A2 and B2. This indicates that A2 prefers to interact with other ATAD3
proteins rather than with itself.
While most reciprocal combinations produced results that were similar, the interclade
interactions of B1 did not. As all YFP fragments were C-terminally fused to each ATAD3 coding
sequence, these results are perplexing. Regardless, all possible combinations of A1, A2, and B1
resulted in some degree of interaction in the form of mitochondrial puncta. This was not the case
for interactions including B2. Surprisingly, only interclade interactions between B2 and clade 1
proteins produced any punctate signals, though there were few puncta and the intensity was
weak. No punctate signal was observed in B2n/B2c or intraclade interactions with B1.
Results of these experiments provide insight into the patterns of viability in ATAD3
mutants. For a plant to be viable, at least one ATAD3 protein from each clade is required.
Additionally, B1 must be the representative from clade 2. Given that all tested combinations of
clade 1 proteins and B1 interact and produce mitochondrial localized puncta, these experiments
support the genetic requirements of ATAD3 proteins in A. thaliana. Knocking out both clade 1
proteins leave only B1 and B2, which do not interact, resulting in the gameto-lethal phenotype of
the b1b2 mutant. However, knocking out both clade 2 proteins results in a gameto-lethal
phenotype, despite the observed interaction of clade 1 proteins, further supporting that B1 must
be functional to produce a viable plant. Knocking out either clade 1 protein along with B2 leaves
one clade 1 protein and B1, which interact, resulting in the viable DKO mutants a1b2 and a2b2.
Conversely, knocking out either clade 1 protein along with B1 results in a gameto-lethal DKO
mutant, despite the minimal interaction observed between clade 1 proteins and B2. The SKO b1
mutant may be viable because B2 is able to interact with both clade 1 proteins; though it is
unclear if this is due to upregulation of B2 in the background of this mutant. RT-PCR of the b1
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SKO mutant would be required to confirm this theory. Regardless, these results suggests that the
affinity of interaction of B2 with each other ATAD3 proteins is much lower than any other
interaction between clade 1 proteins and B1, which may provide a reason for the necessity of B1.
The results of the above experiments provide a framework for interpreting phenotypes
seen in SKO and DKO ATAD3 mutants through the lens of their oligomeric patterns. However,
further experimentation is needed to validate interactions observed here.

5.3.2 – Verifying interaction between ATAD3 proteins in A. thaliana
While BiFC experiments in tobacco enable observations of interaction patterns between
ATAD3 proteins, validating these interactions requires experimentation in A. thaliana. One
consideration is that N. benthamiana also contains four ATAD3A homologs. Comparison of A.
thaliana ATAD3A proteins and their orthologs in N. benthamiana revealed that each pair has a
sequence identity of 74 to 78% (Table S2). It is possible that chimeric oligomerization can occur
when infiltrating ATAD3 proteins from A. thaliana into tobacco. It is unknown how this may
affect results of these experiments, but I hypothesize that the native ATAD3 proteins in tobacco
are able to hetero-oligomerize with those from A. thaliana. This may have resulted in increased
or decreased signal intensity or number of puncta observed in infiltrated samples
To circumvent any of these issues, these experiments should be repeated in A. thaliana.
Agrobacterium-mediated infiltration into A. thaliana seedlings, in a procedure known as
Agrobest (Wu, et al., 2014) or into protoplasts (Zhang, et al., 2020) could be used to compare
and validate the results obtained in these experiments. These techniques would also enable
infiltration into plants with mutant backgrounds, enabling further characterization of ATAD3
125

interaction. It may be worthwhile to express each construct under control of ATAD3 native
promoters, though this could prove problematic given the low expression levels of B2.
Finally, BiFC in tobacco and A. thaliana is an excellent way to observe putative proteinprotein interaction in vivo, but this technique is unable to provide information on the oligomeric
patterns or properties of protein, and separate approaches are needed to validate the interactions.
To confirm the oligomeric states and interaction patterns of ATAD3 proteins, Size Exclusion
Chromatography-Multi Angle Light-Scattering (SEC-MALS) could be used in conjunction with
further crosslinking. These techniques would not only validate the observations made in the
above experiments, but would also enable characterization of the ratio of hetero-oligomerization
between different ATAD3 proteins. It may be that the affinity ATAD3 proteins for each other
and subsequent lack of hetero-oligomerization could explain results of these experiments, the
patterns of DKO mutant viability, and the phenotypes observed in amia1 knockdown plants. To
assess the affinity of interaction between various ATAD3 proteins, isothermal calorimetry could
be used to assess the preference of interaction between ATAD3 proteins in a quantitative
manner.
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Chapter 6: Proximity-based Labeling can Elucidate Protein-Protein Interactions of
ATAD3 Proteins

6.1 – History and Overview of Proximity-based Labeling
6.1.1 – Proximity labeling is used to identify novel protein-protein interactions
Another exciting aspect of research into ATAD3 plant homologs is identifying their
interacting protein partners and determining in which cellular pathways they participate. It has
been shown via Co-IP that SHOT1 (mTERF18) interacts with A1, A2, and B1 (Kim, et al.,
2021), and it likely interacts with B2 as well. Affinity chromatography and Co-IP are excellent
techniques for isolating strongly interacting molecular partners of proteins but are not as well
suited for elucidating weak or transient interacting proteins or identifying interactions with
proteins that are difficult to solubilize (Brannon, et al., 2018). These methods can miss weak or
more transient protein interactions, and conditions necessary to release proteins from membranes
can strip off interacting proteins. Proximity labeling is one method that can screen for interacting
proteins in the natural cellular environment and that is well suited to overcoming issues of low
affinity interactions or the need to solubilize membranes.
Proximity labeling can be achieved by exploiting biotinylation, a post-translational
modification where a biotin molecule is added onto a target protein. Biotinylation is mediated by
biotin ligases, proteins that catalyze the conversion and subsequent addition of a biotin molecule
onto primary amines (Roux, et al., 2012). A different proximity labeling technique utilizes
Ascorbate Peroxidases, proteins that catalyzes the oxidation of a variety of phenol derivatives to
phenoxyl radicals; addition of biotin-phenol and hydrogen peroxide results in the formation of
biotin-phenoxyl radicals that covalently react with electron rich residues (Rhee, et al., 2013,
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Figure 6.1A). Although proximity labeling cannot definitively assess whether or not two proteins
directly interact, it can identify proteins that are in the vicinity of any protein of interest, the
radius of which is determined by the proximity labeling technique used. Subsequent experiments
can verify intereactions. Over the past decade, proximity labeling techniques have been
developed and optimized for a variety of molecular biology applications.

Figure 6.1. Overview of Proximity Labeling Methods. Schematic of a proximity labeling fusion
protein showing the Proximity-dependent biotinylation (PDB) enzyme fused to a protein of
interest, known as the bait protein. (A) Two different types of PDB enzymes, biotin ligases and
peroxidases their respective substrates: biotin and biotin-phenol in conjunction with peroxide, and
the respective residues each of these enzymes modify: lysine and tyrosine. (B) Two different
protocols for proximity labeling are shown in panels B and C. Protein biotinylation in cells is
followed by cell lysis and affinity chromatography with streptavidin coated beads. Stringent
washes and subsequent elution via on-bead proteolytic digest is followed by MS analysis to
identify prey proteins. (C) After biotinylation and cell lysis, interacting proteins that have been
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labeled with biotin undergo tryptic digest followed by affinity chromatography utilizing antibodycoated beads. Washes and elutions are performed followed by MS analysis to identify biotinylation
sites on prey proteins. Data adapted from Samavarchi-Tehrani, et al., 2020.

6.1.2 – BioID and BioID2: Proximity labeling using biotin ligase
The first biotin-based proximity labeling method utilized the BirA protein, a biotin ligase
from E. coli (Samavarchi-Tehrani, et al., 2020). BirA is a 35 kDa DNA-binding biotin ligase that
catalyzes the biotinylation of a biotin acceptor sequence on a specific subunit of acetyl CoA
carboxylase (Chapman-Smith, et al., 1999 and Beckett, et al., 1999). Biotinylation via BirA
involves the combination of biotin and ATP to form biotinoyl-5’-AMP (bioAMP). This activated
form of biotin is retained in the active site of enzyme until it reacts with a primary amine, usually
the R-group of a lysine residue of a protein (Roux, et al., 2012). A mutation in BirA (R118G),
known as BirA*, resulted in a protein with decreased affinity for bioAMP as compared to wild
type BirA (Kwon, et al., 2000). The increased promiscuity of BirA* enabled the invention of the
BioID proximity labeling system. The BioID system utilizes the expression of BirA* fused to a
protein of interest, known as the bait protein, and the introduction of exogenous biotin to the
system (Roux, et al., 2012). The BirA*-bait fusion will then biotinylate proteins, known as prey
proteins, that either interact directly with, or within 10 nm radius to the bait (Kim, et al., 2014).
Biotinylated proteins can then be captured via affinity chromatography, which exploits the
naturally strong biochemical interaction between biotin and either avidin or streptavidin
conjugated to magnetic beads. Once eluted, captured prey proteins can be identified by mass
spectrometry.
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Proximity labeling using a biotin ligase has been improved since the introduction of
BioID. BioID2, utilized a humanized variant of the biotin ligase from the gram-negative
bacterium Aquifex aeolicus, which is smaller than BirA and contained a mutation (R40G) that
replicates the promiscuous biotinylation conferred by the R118G mutation in BirA* (TrinkleMulcahy, 2019). The critical difference between BioID and BioID2 is the decreased size of the
biotin ligase, which lacks the BirA DNA-binding domain. BioID has a MW of ~35 kDa, while
BioID2 is ~2.6 kDa; the reduction in size allows for more efficient and precise subcellular
targeting of the BioID fusion (Kim, et al., 2016).

6.1.3 – APEX and APEX2: Proximity labeling using ascorbate peroxidase
A major barrier in efficacy of the BioID systems was the amount of time required for
proximity labeling. Both BioID and BioID2 can take hours to achieve adequate labeling of target
proteins in cells, and the slow biotinylation kinetics makes these proteins unsuitable for certain
applications (Brannon, et al., 2018). To circumvent the slow kinetics of these biotin ligases,
another enzymatic labeling method was created. The APEX method utilizes the 28 kDa ascorbate
peroxidase, an enzyme found in all cellular compartments that catalyzes the oxidation of a
variety of phenol derivatives to phenoxyl radicals. The APEX version of ascorbate peroxidase
contains three mutations: K14D/E112K/W41F, which were introduced to increase enzymatic
activity (Martell, et al., 2012). Labeling with APEX is initiated in cells via the addition of biotinphenol and hydrogen peroxide, and labeling is terminated by cell fixation or cellular lysis (Rhee,
et al., 2013). The biotin-phenoxyl radicals will covalently react with electron rich residues such
as tyrosine. These radicals have a half-life on the order of under a millisecond (Mortensen, et al.,
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1997), and labeling radius of <20 nm (Trinkle-Mulcahy, et al., 2019). A second iteration of the
APEX system, APEX2, was created due to the relatively low sensitivity of APEX proximity
labeling. APEX2 was generated via directed evolution, which resulted in a mutant (A134P) with
markedly increased sensitivity (Lam, et al., 2015). Although APEX systems are faster than
BioID systems, the use of hydrogen peroxide on live cells can cause an oxidative stress response,
which can alter protein homeostasis and affect results of the labeling experiments.

6.1.4 – TurboID and miniTurbo: Promiscuous proximity labeling and its benefits
As APEX proximity labeling can be toxic to cells, and BioID labeling methods can take
upwards of 18 hours to adequately label target proteins, a novel proximity-based labeling method
was invented to bypass these constraints. TurboID and miniTurbo are promiscuous biotinligases, 35 kDa and 28 kDa respectively, that were engineered using from BirA via directed
evolution. Yeast-surface display coupled with fluorescence activated cell sorting was used to
screen for mutant biotin-ligases (Brannon, et al., 2018). As opposed to the long labeling times of
BioID and the cellular toxicity of APEX, TurboID was shown to have minimal toxic effects in
animal cells at non-saturating expression levels, while sufficient labeling was achieved after a
10-minute incubation with exogenous biotin. The short labeling time of TurboID makes it ideal
for observing dynamic protein-protein interactions. Additionally, TurboID-expressing cells have
a practical labeling radius of ~35 nm after a 10-minute incubation with exogenous biotin as
compared to an 18-hour labeling time in cells expressing BioID (May, et al., 2020), though the
labeling radius is likely to increase in size if higher biotin concentration or longer incubation
times are used. Proximity labeling using subcellular targeted TurboID protein fusions is more
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efficient and efficacious than in BioID and BioID2, as fusion constructs are more highly
expressed in a variety of subcellular locations and tissues.

6.1.5 – Proximity labeling in plant systems: Applications and considerations
TurboID and miniTurbo have been adapted to proximity labeling experiments in plants
under optimal plant-growth conditions, notably in A. thaliana and N. benthamiana (Arora, et al.,
2019). TurboID has been shown to be effective in various plant tissues and cell types at both
normal and elevated (37°C) temperatures when using exogenous biotin concentrations in a 2.550 μM range (Mair, et al., 2019). Introduction of exogenous biotin by either sample dipping or
vacuum infiltration can adequately label proteins for immunoblot detection using a 10-minute
labeling time, though longer labeling times are more effective if Mass-Spectrometry will be
performed on purified samples (Mair, et al., 2019). There are numerous important considerations
when performing proximity labeling in plants using TurboID. A critical step is the removal of
free biotin in from the plant tissue, which can negatively impact enrichment of biotinylated
proteins (Zhang, et al., 2019). PD-10 and Zeba desalting columns have been successfully used to
remove free biotin from tissue extracts (Arora, et al., 2019). Optimizing labeling time is
important to reduce nonspecific biotinylation while avoiding negatively impacting biotinylation
of target proteins (Kim, et al., 2019). Stringent extraction and wash conditions are also important
to reduce the number of false positives obtained from non-specific binding during affinity
purification (Gingras, et al., 2019). Proper implementation of negative controls is critical to
differentiating true hits from false positives. Finally, choosing the type and quantity of beads
used for affinity purification, method of MS sample preparation (conventional elution vs. on132

bead tryptic digest), and MS quantification method (label-free vs. isotopic) are all important
parameters for proper data acquisition and analysis (Samavarchi-Tehrani, et al., 2020, Fig 6.1B
and C).

6.2 – Results
6.2.1 – TurboID fusion proteins for elucidating protein interactions in and around mitochondriaER contacts
The fourth and final goal of my thesis research is twofold: first, to create vector
constructs fusing TurboID to A1 that will be used to elucidate A1-interacting protein partners,
and second to express and purify TurboID for antibody production followed by testing the
sensitivity and specificity of the antibodies.
Two experimental vector constructs were made encoding an A1 cDNA, with TurboID
fused to either the N-terminus or C-terminus (Figure 6.2, pEG21 and pEG22, respectively). If
targeted and assembled appropriately in the cell, both TurboID-A1 and A1-TurboID would
localize to mitochondrial contact sites in the same topology of A1, with TurboID being exposed
to the outer mitochondrial membrane and cytosol or to the mitochondrial matrix, respectively.
Three control constructs were created to target TurboID to the cytosol, mitochondrial matrix, and
the outer mitochondrial membrane. The cytosolic control construct encodes TurboID and a Cterminally fused mGFP6. TurboID-mGFP6 (Figure 6.2, pEG18) will act as a negative control to
ensure the experimental and other control construct are sorted as intended and to differentiate
between proteins labeled using TurboID-A1 and the TurboID fusion targeted to the outer
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mitochondrial membrane. The mitochondrial matrix control encodes TurboID fused C-terminally
to the fluorescent protein mCherry and is N-terminally fused to the CoxIV matrix targeting presequence from Saccharomyces cerevisiae. MTS-mCherry-TurboID (Figure 6.2, pEG19) will
label proteins found within the mitochondrial matrix and will enable differentiation between
general matrix proteins and matrix proteins that are vicinal to the C-terminus of A1-TurboID.
Finally, a construct encoding TurboID-mGFP6-ADAPTER (AGI: At3G15640) was made as a
control to differentiate between proteins present in or around mitochondrial-ER contacts and
those that interact with cytosolic facing membrane proteins on the outer mitochondrial
membrane. The protein referred to as ADAPTER is anchored in the mitochondrial outer
membrane by a C-terminal membrane anchor, with its N-terminus exposed to the cytosol.
(ADPTER cDNA courtesy of Prof. M. Herde, Leibniz Universität Hannover; Herde, et al.,
2020).

Figure 6.2. TurboID fusion constructs showing expected subcellular localization. pEG21 and
pEG22 encode a TurboID fused to either the N- or C-terminus of the ATAD3A1 coding sequence,
respectively. Both are targeted to mitochondrial contact sites (MCS). pEG18 encodes mGFP6
fused to TurboID; it is targeted to the cytosol. pEG19 encodes the S. cerevisiae CoxIV
mitochondrial targeting sequence fused to the N-terminus of the fluorescent protein mCherry,
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which is fused to the N-terminus of a TurboID coding sequence; it is targeted to the mitochondrial
matrix. pEG20 encodes the TurboID coding sequence fused to the N-terminus of the Adapter
(At3G15640) coding sequence, which is itself fused to the N-terminus of a mGFP6 coding
sequence; it is targeted to the Outer Mitochondrial Membrane (OMM). The Adapter protein is a
tail-anchored protein in the OMM, therefore TurboID will be exposed to the cytosol. All constructs
are under the control of the A1 native promoter sequence.

All constructs were cloned into pCR8 vectors under the control of the A1 native promoter
via Gibson assembly. A three amino acid linker sequence (GSG) was inserted between the
TurboID and ATAD3A1 coding sequences and was used to separate protein coding sequences in
all of the control constructs. Following sequencing, each construct was cloned into a destination
vector using GateWay cloning. Each of these constructs were transformed into Top10 E. coli and
GV3101 A. tumefaciens. The future of this project is to use Agrobacterium-mediated
transformation to introduce each of these constructs into A. thaliana to create stable transgenic
lines expressing each protein. Each construct will be transformed into WT plants, a1 SKO plants,
a1b1+ plants, and potentially into other DKO plants. Lines will need to be bred to homozygosity
and the expression level of the fusion proteins determined. Additionally, transformed lines in
DKO mutant backgrounds will need to be tested to ensure full complementation is achieved by
growth phenotyping (Boyes, et al., 2001) and to observe mitochondrial morphology by confocal
microscopy.

6.2.2 – Purification of TurboID for antibody production
To verify that the constructs successfully express each of the TurboID fusion proteins in
plantae, TurboID was purified for the purpose of generating polyclonal TurboID antibodies. A
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plasmid encoding 6xHis-SUMO-TurboID (courtesy of Dr. Patrick Treffon) was induced and
expressed in E. coli BL21-pLys cells. 6xHis-SUMO-TurboID fusion protein was purified from
crude lysate using Ni NTA affinity chromatography (Figure 6.3A). Pooled elution fractions were
subject to overnight cleavage of the 6xHis-SUMO tag via ULP1 proteolysis and buffer
exchanged in an overnight dialysis (E1 ; Fig 6.3C). The cleaved and dialyzed sample was
O/N

subject to a second round of Ni NTA affinity chromatography (Figure 6.3B) to separate the
cleaved TurboID (Ft-2; Fig 6.3C) from the affinity tag (E2; Fig 6.3C). SDS-PAGE (Fig 6.3C)
was run to verify that TurboID had been purified. Cleaved TurboID has a MW of 34.8 kDa,
while the 6xHis-SUMO tag has a MW of 12.4 kDa. Two intense protein bands corresponding to
both molecular weights appear in fraction E1 . In fraction E2 a single intense band
O/N

corresponding to the molecular weight of the affinity tag can be seen, while in fraction Ft-2,
there is a single intense band corresponding to cleaved TurboID, indicating the purification was
successful. Two minor, high molecular weight impurities were also present in fraction Ft-2,
however the relative amount of these impurities was calculated to account for only ~9.5% of the
total protein in the fraction. TurboID had a calculated purity of ~ 90.5%, which is sufficient for
antibody production.
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Figure 6.3. Purification of TurboID. Chromatogram and SDS-PAGE analysis of TurboID
purification. Protein purification was done with an AKTA-FPLC using a Ni-NTA column. (A)
Crude lysate was obtained from BL21-pLys E. coli cells expressing 6x-His-SUMO tagged
TurboID. Shown is the chromatogram from the FPLC purification. The blue line denotes protein
content, while the pink indicates elution fractions collected. Six 1 mL fractions were collected;
fractions 2-5 were combined and dialyzed overnight in Phosphate Buffered Saline (PBS) during
which the 6x-His-SUMO tag was cleaved using Ulp1 protease. (B) The dialyzed sample was run
through the FPLC to separate the 6x-His-SUMO tag from TurboID. Five 1 mL fractions of
flowthrough were collected (pink), (C) An SDS-PAGE was loaded with eluate (E1 O/N) from the
first purification after the overnight dialysis and cleavage, eluate (E2) from second purification
containing cleaved 6x-His-SUMO tag, and Flowthrough (Ft-2) from the second purification
containing purified TurboID. Molecular weights (MW) in kilodaltons (kDa) are indicated on the
left side of the gel image.

6.2.3 – αTurboID detects purified TurboID and plant-extracted TurboID fusions
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We received the αTurboID primary antibody and a Goat-αRabbitIgG-HRP secondary
antibody (courtesy of Agrisera), which were used to perform antibody sensitivity tests against
both pure TurboID and extracts from transgenic plant lines expressing S-nitrosoglutathione
reductase fused to TurboID (GSNOR-TurboID) and Yellow Fluorescent Protein (YFP) fused to
TurboID (courtesy of Dr. Patrick Treffon).
The sensitivity of the αTurboID antibody was first tested against the purified TurboID
protein. Three SDS-PAGEs were performed, each loaded with 75, 50, 25, 10, 5 and 1 ng of
purified TurboID. One gel was silver stained (Figure 6.4 A) and shows a decreasing intensity
from high to low protein concentration, confirming the relative protein loading amounts. The two
remaining gels were subject to immunoblot analysis using either a 1:1000 or a 1:3000 dilution of
the αTurboID, followed by incubation in a 1:10000 dilution of secondary antibody (Figure 6.4 B
and 6.4 C). Results show that the αTurboID antibody can detect 1 ng of purified TurboID. As
expected, a 1:1000 dilution of αTurboID shows a stronger band intensity, as compared to the
1:3000 dilution. At 75 and 50 ng of purified TurboID, a 1:1000 dilution displays a saturated
signal and can easily detect 1 ng of protein. At a 1:3000 dilution, there is no saturation at either
50 or 75 ng of protein, and while the reaction is less intense, the antibody can still detect 1 ng of
purified protein.
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Figure 6.4. Testing αTurboID sensitivity against purified TurboID. SDS-PAGE and
immunoblot analysis of purified TurboID using an αTurboID. The indicated amount in nanograms
(ng) separated by SDS-PAGE are indicated above each panel. Molecular weight (MW) in
kilodaltons (kDa) is indicated on the left. The MW of TurboID is ~35 kDa. (A) Purified TurboID
visualized using protein silver stain. (B) and (C) Immunoblots after overnight incubation with
αTurboID at a 1:1000 dilution or 1:3000 dilution, respectively. Blots were incubated in GoatαRabbit-IgG-HRP and visualized using ECL solution.

The sensitivity of αTurboID was then tested on total protein extracts from transgenic A.
thaliana lines expressing either GSNOR fused TurboID- or a TurboID-YFP fusion protein. Total
proteins were separated by SDS-PAGE and analyzed by immunoblotting. GSNOR-TurboID has
an expected MW of ~ 72 kDa, while the TurboID-YFP has an expected MW of ~ 61 kDa. Three
independent lines expressing each of the transgenes were analyzed. As negative controls, WT
and hot5-2 (a GSNOR T-DNA null allele) plants were also tested. Total protein extract in SDSloading buffer from each of the eight plant lines were subject to SDS-PAGE. As a positive
control, 10 ng of purified TurboID was also included. After blotting, the membrane was
incubated in a 1:5000 dilution of αTurboID antibody, then processed as described above (Figure
6.5). In lanes loaded with TurboID-YFP, the signal intensity was lower as compared to that of
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GSNOR-TurboID, however this is likely due to reduced expression levels in these independent
lines as opposed to a lower antibody sensitivity. There was a moderate amount of non-specific
binding in lanes loaded with GSNOR-TurboID, but the most intense bands correspond to the
expected molecular weight of the GSNOR-TurboID fusion. A single intense band corresponding
to the molecular weight of TurboID in the lane loaded with 10 ng of the purified protein is
present. As expected, there were no bands in the WT or hot5-2 samples. Taken together, the
results indicate that the αTurboID antibody can detect both pure and plant-extracted TurboID at a
protein level as low as 1 ng.

Figure 6.5. Testing αTurboID specificity in total protein extracts of transgenic plants
expressing different TurboID fusion proteins. Immunoblot analysis of TurboID fusion proteins
from transgenic plants using an αTurboID antibody. Lanes 1-8 were loaded with 20 μg of total
protein, while lane 9 was loaded with 10 ng of purified TurboID as a positive control. Lanes 1 and
2: Total protein from Wild type and hot5-2 plants as negative controls. Lanes 3-5: total protein
from three indicated independent lines of plants transformed with a construct encoding a TurboIDYFP fusion protein, MW ~61 kDa. Lanes 6-8: Total protein from three indicated lines of plants
transformed with a construct encoding a TurboID-GSNOR fusion protein, MW ~72 kDa. The
membrane was incubated overnight in a 1:5000 dilution of αTurboID. Before incubation with
140

antibodies, the membrane was stained with Ponceau-S; lower panel. The membrane was stripped
and re-incubated in an αActin; middle panel. The MW in kDa is indicated to the left.

6.3 – Discussion
6.3.1 – Proximity-based labeling with ATAD3A1 will elucidate its interactive protein partners
Proximity labeling and Mass Spectrometry of WT, a1 SKO, a1b1+, and viable DKO
plant lines transformed with experimental and control TurboID fusion construct vectors will give
insight towards identification proteins proximal to the TurboID fusion proteins. A1-TurboID
fusion constructs, in conjunction with cytosolic-, matrix-, and outer mitochondrial membrane
control constructs, will identify vicinal proteins that are candidates for participation in proteinprotein interactions with A1. TurboID-A1 will biotinylate proteins present in and around
mitochondria-ER contacts, specifically outer mitochondrial membrane proteins and
intermembrane space proteins occurring at mitochondrial contact sites and potentially cytosolic
facing ER-membrane proteins occurring at mitochondria-ER contacts, which have yet to be
identified in plants. As ATAD3A has been proposed to be a physical linker between the
mitochondria and ER membranes at mitochondria-ER contacts (Baudier, et al., 2018), it is
possible that proximity labeling by TurboID-A1 may uncover yet to be identified ERMES
proteins in plants. Dynamin Related Protein 3a (DRP3a) and DRP3b, homologs of DRP1, may
also be uncovered as a putative A1 interacting protein. It has been proposed that mitochondrial
fission via DRP1 causes a stress response in order to trigger the mitophagy of damaged
mitochondria (Zorov, et al., 2019). Overexpression of ATAD3A in human neuronal cells triggers
mitochondrial fission (Cooper, et al., 2017; Zhao, et al., 2019), suggesting that the state of
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oligomerization of ATAD3 proteins in plants may be linked to the regulatory pathway of
mitochondrial fission, and overall mitochondrial health.
A1-TurboID will biotinylate luminally exposed inner mitochondrial membrane proteins,
mitochondrial matrix proteins that interact at the lumenal face of inner boundary membranes at
mitochondrial contact sites, and matrix proteins that interact with the AAA domain of A1. One
protein that is expected to be biotinylated by A1-TurboID is SHOT1, as Co-IP with SHOT1
initially uncovered three of the four ATAD3 proteins in A. thaliana (Kim, et al., 2021). While
only MICOS subunit, atMIC60, has been identified in A. thaliana, it seems likely that plants
have additional homologs corresponding to other MICOS subunits (Michaud, et al., 2016).
Disruption of the MICOS complex components results in a reduction of and deformed cristae,
which directly results in a loss of inner and outer mitochondrial membrane tethering and the
absence of mitochondrial contact sites (Friedman, et al., 2018; Peralta, et al., 2018). ATAD3A1,
and other ATAD3 proteins may well be undefined components of a MICOS complex or
ERMIONE-like super-complex in plants considering the similarities in mitochondrial
morphology observed in A1 knockdown mutants and shot1-2 mutants as compared to MICOS
mutants.
TurboID fusions with A1 can also be used to verify interaction between A1 and the other
three A. thaliana ATAD3 proteins. Results from BiFC experiments, as discussed in Chapter 5,
show that all ATAD3 proteins from A. thaliana interact with each other, with the exception of
B2. TurboID constructs encoding each of the four ATAD3 proteins can be used as an orthogonal
approach to verify potential interaction between each pairwise combination of ATAD3 proteins.
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Once candidate proteins have been identified, conventional Co-IP can be used to verify
bonafide physical interactions between identified prey proteins and A1. BiFC could be used to
corroborate protein-protein interactions discovered from proximity based labeling experiments
(Hernández-Sánchez, et al., 2017, Miller, et al., 2015, and Waadt, et al., 2014). Förster
Resonance Energy Transfer-Fluorescence Lifetime Imaging Microscopy is a suitable technique
to further investigate both spatial and temporal characteristics of protein-protein interactions in
living specimens, giving insight into the dynamics of newly discovered protein interactions
(Bücherl, et al., 2010, Long, et al., 2017, and Long, et al., 2018). While rigorous experimental
verification is essential to ensure confidence in data collection and subsequent proteomic
analysis, these experiments aim to assemble an interactome of ATAD3 proteins at mitochondrial
contact sites and mitochondria-ER contacts.
The possibilities for further experimentation within this project are substantial. As
candidates for protein-protein interactions with ATAD3 proteins are discovered and
subsequently verified, proximity labeling experiments could be used to build map of
mitochondrial contact sites and mitochondria-ER contacts in plants to define their cellular
function.
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Supplemental Information

A) Glossary of Abbreviations
A1, ATAD3A1;
A2, ATAD3A2;
AAA, ATPases Associated with diverse cellular Activities;
ATAD3, ATPase family AAA domain containing protein 3;
amia1-1, amiRNA-A1-1;
amia1-2, amiRNA-A1-2;
amiRNA, artificial microRNA;
B1, ATAD3B1;
B2, ATAD3B2;
BiFC, Bi-Molecular Fluorescence Complementation;
bioAMP, biotinoyl-5’-AMP;
CC, Coiled-Coil;
Col-0, Columbia-o ecotype (Wild-Type);
Co-IP/MS, Co-Immunoprecipitation/Mass Spectrometry;
DAG, Days After Germination;
DAI, Days After Infiltration;
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DKO, Double Knockout;
DRP, Dynamin-Related Protein;
DSP, (dithiobis(succinimydl propionate);
DUF, Domain of Unknown Function;
EMC, ER-Membrane Complex;
ER, Endoplasmic Reticulum;
ERMES, ER-Mitochondria Encounter Structure;
ERMIONE, ER-Mitochondria Organizing Network;
EV, Empty Vector;
GFP, Green Fluorescent Protein;
GSNOR, S-nitrosoglutathione reductase;
hATAD3A, human ATAD3A;
ITS, Internal Targeting Sequence;
IM/IMM, Inner Mitochondrial Membrane;
LSCM, Laser-Scanning Confocal Microscopy;
MELL1, Mitochondria/ER-Localized LEA-related lysM domain protein 1;
MICOS, Mitochondria Inner Cristae Organizing System;
miRNA, MicroRNA;
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MIRO, Mitochondrial rho GTPase;
mTERF, Mitochondrial Transcription Termination Factor;
MTS, Mitochondrial Targeting Signal;
OD, Optical Density;
OM/OMM, Outer Mitochondrial Membrane;
OXPHOS, Oxidative Phosphorylation;
OST, Oligosaccharyltransferase;
PRM, Proline-Rich Motif;
RNAi, Interfering RNA;
RISC, RNA-Induced Silencing Complex;
SEC-MALS, Size Exclusion Chromatography-Multi-Angle Light Scattering;
SHOT1, Suppressor of hot1;
SKO, Single Knockout;
SUMO, Small Ubiquitin-like Modifier;
TM, Transmembrane;
TIM, Translocase of the Inner Mitochondrial membrane;
TOM, Translocase of the Outer Mitochondria membrane;
WT, Wild Type;
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YFP, Yellow Fluorescent Protein;
YME1, Mitochondrial inner membrane i-AAA protease super complex subunit

147

B) Supplemental Figures and Tables

Figure S1. Multiple Sequence Alignment of ATAD3 Proteins in Arabidopsis thaliana. Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment software was
used to align the amino acid sequence of ATAD3A1 (At3g03060), ATAD3A2 (At5G16930),
ATAD3B1 (At2g18330), and ATAD3B2 (At4g36580). A legend detailing predicted secondary
structures and domain topology for each gene is to the right of the alignment.
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Table S1. ATAD3 Gene and Protein Identifiers in A. thaliana, N. benthamiana, and H. sapiens

Gene

A. thaliana
AGI

A. thaliana
UniProt

N. benthamiana
Scf

H. sapiens
UniProt

hATAD3A-2

-

-

-

Q9NVI7

ATAD3A1

At3g03060

Q0WVF7

Scf01063g05019

-

ATAD3A2

At5g16930

Q8RXI0

Scf03341g00002

-

ATAD3B1

At2g18330

Q9ZPW5

Scf07287g02006

-

ATAD3B2

At4g36580

F4JQE9

Scf00592g01002

-

1

2

3

2

1

ATAD3 Arabidopsis Gene Identifiers (AGI) were obtained from The Arabidopsis Information Resource (TAIR;
www.arabidopsis.org)
2

Protein identifiers for ATAD3 and ATAD3a from A. thaliana and H. sapiens, respectively, were obtained from
uniprot.org
3

ATAD3
gene
identifiers
from
N.
benthamiana
(solgenomics.net/organism/Nicotiana_benthamiana/genome)
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were

obtained

from

Sol

Genomics

Table S2. Percent Identity of A. thaliana ATAD3 Proteins to human ATAD3A and to
corresponding homologues of N. benthamiana.

Protein

H. sapiens
(hATAD3A-2)

N. benthamiana

ATAD3A1

35.96

76.15

ATAD3A2

39.45

76.53

ATAD3B1

34.48

77.24

ATAD3B2

33.77

74.18

1

FASTA protein sequences were obtained for hATAD3a, and atATAD3 proteins via Uniprot (uniprot.org); FASTA
protein
sequences
for
nbATAD3
proteins
were
obtained
from
Sol
Genomics
(solgenomics.net/organism/Nicotiana_benthamiana/genome).
2

The ATAD3A1 amino acid sequence was blasted against the genome of N. benthamiana (Sol Genomics);
homologous ATAD3 genes in N. benthamiana for each of the four ATAD3 genes present in A. thaliana were
identified. Homologues and percent identities of each of the four ATAD3 proteins was determined by blasting each
gene combination against each other using Protein Blast from NCBI (blast.ncbi.nlm.nih.gov).
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Table S3. Percent Identity Matrix of ATAD3 Proteins in A. thaliana

Protein

ATAD3A1 ATAD3A2 ATAD3B1 ATAD3B2

ATAD3A1

100.00

-

-

-

ATAD3A2

85.83

100.00

-

-

ATAD3B1

62.38

61.40

100.00

-

ATAD3B2

60.88

61.00

85.37

100.00

1

FASTA protein sequences were obtained for ATAD3 proteins from The Arabidopsis Information Resource (TAIR;
www.arabidopsis.org) and UniProt (uniprot.org).
2
Each of the four ATAD3 protein coding sequences from A. thaliana were blasted against each other using Protein
Blast from NCBI (blast.ncbi.nlm.nih.gov).

Figure S2. Transmembrane domain location and characteristics of ATAD3 proteins in A.
thaliana. WHAT-HMMTOP software (biotools.tcdb.org/barwhat.html) predicts the location of
transmembrane domains in ATAD3 proteins (Orange Bar). The red line denotes sequence
amphipathicity and the blue line denotes sequence hydrophobicity.
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Figure S3. Helical wheels of transmembrane domains in ATAD3 protein in A. thaliana.
Heliquest (heliquest.ipmc.cnrs.fr) analysis of transmembrane domains present in ATAD3 proteins.
Values in the center of each helix report its hydrophobic moment.
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Figure S4. Sequence alignment of amiRNA constructs against ATAD3 proteins in A.
thaliana. Pairwise alignment (ebi.ac.uk/Tools/psa/emboss_needle) of amia1-1 and amia1-2
against each ATAD3 protein in A. thaliana. Length of the aligned sequence and sequence identify
is to the right of each alignment.
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